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1
Mechanics modeling of spot welds under 

general loading conditions and applications to 
fatigue life predictions

J. PA N and K. S R I P I C H A I, University of Michigan, USA, P-C. L I N, 
National Chung Cheng University, Taiwan, D-A. WA N G, 

National Chung Hsing University, Taiwan, S-H. L I N, Wheel Group, 
SuperAlloy Industrial Co. Ltd., Taiwan

Abstract: A mechanics model of a spot weld in a fi nite plate under 
general loading conditions is presented fi rst. Available closed-form stress, 
moment and transverse shear force solutions are then discussed for a 
plate with a rigid inclusion subjected to various types of loading 
conditions. Based on a strip model, closed-form analytical stress intensity 
factor solutions for spot welds are presented under various types of 
loading conditions. A kinked crack growth model is then presented and 
adopted to predict the fatigue lives of resistance spot welds in lap-shear 
specimens of dual phase, low carbon and high strength steels. 
Comparisons of predicted fatigue lives based on the kinked crack 
growth model with the experimental data indicate that the fatigue life 
predictions are in agreement with or lower than the experimental data.

Key words: fatigue, fatigue crack propagation, J integral, kinked crack, 
spot weld, stress intensity factor, structural stress.

1.1 Introduction

Resistance spot welding is widely used to join sheet metals in the automo-
tive industry. These spot welds are subjected to complex multiaxial service 
loads. In order to be able to predict the fatigue lives of spot welds in vehicles, 
the fatigue lives of spot welds in various types of specimens have been 
investigated by many researchers. Many researchers have conducted exper-
iments and correlated their experimental results with empirical relation-
ships. However, these empirical relations are only applicable to the spot 
welds under particular welding and testing conditions. Since a spot weld 
provides a natural crack or notch along the nugget circumference, fracture 
mechanics appears to be a logical choice to characterize or correlate the 
fatigue data of these welds. Fracture mechanics has been adopted to inves-
tigate the fatigue lives of spot welds in various types of specimens or 
confi gurations (Pook, 1975, 1979; Radaj, 1989; Radaj and Zhang, 1991a, 
1991b, 1992; Sheppard, 1993; Swellam et al., 1994; Zhang, 1997, 1999, 2001; 
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Wang et al., 2005a, 2005b; Lin et al., 2007). Zhang (1999) showed that frac-
ture mechanics solutions can be used to correlate the fatigue data of spot 
welds in different types of specimens. However, the stress intensity factor 
and structural stress solutions proposed by Radaj (1989), Radaj and Zhang 
(1991a, 1991b, 1992) and Zhang (1997, 1999, 2001) have not been adopted 
widely for characterizing the fatigue behavior of spot welds in specimens 
and automotive structural components.

Pook (1975, 1979) made signifi cant contributions using the energy release 
rate concept to obtain the stress intensity factor solutions for various con-
fi gurations of beam and plates with connections. Pook (1979) indicated that, 
for a class of transversely loaded confi gurations consisting of two thin plates 
or beams joined over part of their common plane under symmetric loading 
conditions, the energy release rate or the stress intensity factor at a crack 
tip depends on the bending moment acting on the beam or plate in the 
vicinity of the crack tip. Wang et al. (2005a) conducted a three-dimensional 
fi nite element analysis of circular plates with connection under opening 
loading conditions. Wang et al. (2005b) also conducted a three-dimensional 
fi nite element analysis of a nearly square large lap-shear specimen. The 
results of the three-dimensional fi nite element analyses of Wang et al. 
(2005a, 2005b) suggest that using the bending moments and the membrane 
forces or the corresponding structural stresses to obtain the stress intensity 
factor solutions for spot welds, assumed to be rigid inclusions in thin plates, 
can be quite accurate.

The closed-form solutions for thin plates with rigid inclusions under 
shear, central bending, counter bending and opening loading conditions 
were obtained by Muskhelishvili (1953), Reißner (1929), Goland (1943), 
Timoshenko and Woinowsky-Krieger (1959) and Lin et al. (2007), respec-
tively. These solutions, except those of Goland (1943) and Lin et al. (2007), 
were used by Zhang (1997, 1999, 2001) to obtain the structural stresses at 
several critical locations of spot welds in various types of specimens and 
automotive structures, where the spot welds were treated as a rigid inclu-
sion in the analytical or numerical solution procedures. Rupp et al. (1990, 
1995) used a beam element model, whereas Salvini et al. (1997, 2000) and 
Vivio et al. (2002) used a spot weld assembly fi nite element model to rep-
resent a spot weld in order to obtain the resultant forces and moments 
through the spot weld for fatigue life estimations.

In this chapter, the theoretical frameworks for spot welds under various 
types of loading conditions are presented, based on elasticity theories and 
fracture mechanics. Available closed-form stress, moment and transverse 
shear force solutions are reviewed for a plate with a rigid inclusion sub-
jected to various types of resultant loads on the inclusion and various types 
of resultant loads on the plate lateral surface. Based on the J integral for a 
strip model, closed-form analytical stress intensity factor solutions for spot 
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welds are derived in terms of the structural stresses around a rigid inclusion 
in a plate under various types of loading conditions. As an example to 
demonstrate the applicability of the stress intensity factor solutions for spot 
welds, a fatigue crack growth model is presented that correlates the fatigue 
lives of resistance spot welds in lap-shear specimens of dual phase, low 
carbon and high strength steels under cyclic loading conditions based on 
the experimental observations of spot welds that failed in a kinked crack 
propagation mode. The fatigue crack growth model is based on the global 
stress intensity factor solutions for main cracks, the local stress intensity 
factor solutions for kinked cracks as functions of the kink length, the experi-
mentally determined kink angles and the Paris law for kinked crack propa-
gation. The predicted fatigue lives based on the fatigue crack growth model 
are then compared with the experimental data.

1.2 Spot weld in a fi nite plate under general 

loading conditions

Figure 1.1 shows schematically two metal sheets joined by a spot weld and 
also shows the surface tractions TU and TL which are applied to the lateral 

Upper sheet

Lower sheet

Weld nugget

T
U

T
L

1.1 Two metal sheets are joined by a spot weld. The metal sheets are 
under surface traction TU and TL.
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1.2 Upper sheet with the upper half nugget is shown with the surface 
traction TU

Load, the resultant loads F and M and the self-balanced 
resultant loads Fs and Ms. The upper sheet has the thickness t and the 
nugget has the diameter 2a.

surfaces of the upper and lower sheets, respectively. The weld nugget is 
idealized as a circular cylinder. Next, we consider the upper half of the weld 
nugget in the upper sheet as shown in Fig. 1.2. The upper sheet has the 
thickness t and the nugget has the diameter 2a. Figure 1.2 shows the upper 
sheet with the upper half nugget with a surface traction TU

Load, the resultant 
loads F and M acting on the lower surface of the upper half nugget, and 
the self-balanced resultant loads Fs and Ms. Note that the load-balanced 
part TU

Load is statically in equilibrium with the resultant loads F and M.
Most researchers approximate the general loading condition of spot 

welds by using the resultant loads applied to the interfacial circular cross-
section of the weld nugget, for example, Swellam et al. (1994), Rupp et al. 
(1995) and Salvini et al. (2000). However, Zhang (1997, 2001), Wang et al. 
(2005b) and Lin et al. (2007) indicated that the closed-form stress solutions 
for a rigid inclusion under the self-balanced surface tractions of the plate 
are important in obtaining the analytic solutions of the stress intensity 
factors for spot welds. As shown in Fig. 1.2, the resultant force F and the 
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resultant moment M are now decomposed into three resultant forces Fx, Fy 
and Fz and three resultant moments Mx, My and Mz, respectively. The self-
balanced resultant force Fs and the self-balanced resultant moment Ms due 
to the self-balance traction TU

Self on the plate lateral surface can now be 
decomposed into two uniform tensile forces F̃s

x and F̃s
y, two uniform shear 

forces F̃s
xy and F̃s

yx, two uniform bending moments M̃s
x and M̃s

y, and two 
uniform twisting moments M̃s

xy and M̃s
yx.

Note that the forces F̃s
x, F̃s

y, F̃s
xy, and F̃s

yx and the moments M̃s
x, M̃s

y, M̃s
xy and 

M̃s
yx represent the uniformly distributed forces and moments applied to the 

lateral surface of the sheet. The units of the forces and moments with tilde 
signs are force per unit length and moment per unit length, respectively. In 
the following, we investigate the stresses, moments and transverse shear 
forces near a spot weld in a sheet under various types of loading conditions 
based on elasticity theories. Note that, in the following sections, the spot 
weld is assumed to be a rigid inclusion.

1.3 Closed-form solutions for a plate with 

an inclusion

Closed-form solutions for a plate with an inclusion under different resultant 
forces and moments were presented by Lin and Pan (2008a). The different 
loading and boundary conditions considered by Lin and Pan (2008a) are 
shown schematically in Fig. 1.3 where a plate with a rigid inclusions is sub-
jected to (a) a shear force Fx, (b) an opening force Fz and a clamped edge, 
(c) an opening force Fz and a simply supported edge, (d) a central bending 
moment Mx and a clamped edge, (e) a central bending moment Mx and a 
simply supported edge, and (f) a twisting moment Mz. Closed-form solu-
tions for plates with inclusions under different self-balanced resultant forces 
and moments were presented by Lin and Pan (2008a). The different loading 
and boundary conditions considered by Lin and Pan (2008a) are shown 
schematically in Fig. 1.4 where a plate with a rigid inclusion is subjected to 
(a) a remote uniform tensile force F̃s

x, (b) a remote uniform counter bending 
moment M̃s

x, (c) a uniform counter bending moment M̃s
x along two edges of 

a square plate, (d) a remote uniform shear force F̃s
xy, and (e) a remote 

uniform twisting moment M̃s
xy. The closed form solutions are quite complex 

and can be found in Lin and Pan (2008a).

1.4 Stress intensity factor solutions for a strip under 

various types of loading conditions

Once the moments, transverse shear forces and structural stresses along 
the rigid inclusion circumference are determined from a plate with a rigid 

�� �� �� �� ��



6 Failure mechanisms of advanced welding processes

© Woodhead Publishing Limited, 2010

r

θ

y

x

2a

Fx

z

x

2a

2b

Fz

t

(a) (b)

(c) (d)

(e) (f)

z

x

2a

2b

Fz

t

z

x

2a

2b

t

Mx

z

x

2a

2b

t

Mx

z

x

Mz

t

1.3 Plate with a rigid inclusion subjected to various types of resultant 
loads and subjected to different types of boundary conditions, (a) a 
shear force Fx, (b) an opening force Fz and a clamped edge, (c) an 
opening force Fz and a simply supported edge, (d) a central bending 
moment Mx and a clamped edge, (e) a central bending moment Mx 
and a simply supported edge, and (f) a twisting moment Mz.

inclusion under various types of the loading conditions (Lin and Pan, 
2008a), the strip model of Radaj and Zhang (1991a) can then be adopted 
to derive approximate stress intensity factor solutions for spot welds under 
various types of loading conditions. Figure 1.5 shows a two-dimensional 
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1.4 Plate with a rigid inclusion subjected to various types of self-
balanced resultant loads on the plate lateral surface, (a) a remote 
uniform tensile force F̃s

x, (b) a remote uniform counter bending 
moment M̃s

x, (c) a uniform counter bending moment M̃s
x along two 

edges of a square plate, (d) a remote uniform shear force F̃s
xy, and (e) a 

remote uniform twisting moment M̃s
xy.

model of two infi nite strips with connection under plane strain conditions. 
For simplicity, we consider two strips with the same thickness t. As shown 
schematically in Fig. 1.5, the radial stress σrr and the shear stress σrθ along 
the rigid inclusion circumference obtained from a plate with a rigid inclu-
sion under various types of loading conditions are used to represent the 
structural stresses σx and τxz for the strip model, respectively, with respect 
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1.5 Two-dimensional model of two infi nite strips with connection 
under plane strain conditions.

to the Cartesian coordinate system as shown in Fig. 1.5. The stress intensity 
factor solutions can then be determined from the structural stress distribu-
tions and the J integral (Rice, 1968) based on the strip model shown in 
Fig. 1.5.

Based on the works of Radaj (1989) and Radaj and Zhang (1991a), 
general structural stress distributions for a strip model can be decomposed 
into several symmetric and anti-symmetric distributions. Figure 1.6 shows 
schematically the decomposition of the general structural stress distribu-
tions of a strip model. Schematics of various types of structural stress dis-
tributions are shown from model A to G in Fig. 1.6. The general structural 
stress distributions are shown as model A. Here, the normal stresses σui, σuo, 
σli and σlo represent the normal stresses σx at the inner (i) and outer (o) 
surfaces of the upper (u) and lower (l) strips, respectively. The shear stresses 
τu and τl represent the shear stress τxz of the upper (u) and lower (l) strips, 
respectively. The structural stress distributions of model A are then decom-
posed into several symmetric or anti-symmetric types of structural stress 
distributions: symmetric counter bending (model B), anti-symmetric central 
bending (model C), symmetric tension/compression (model D), anti-
symmetric in-plane shear (model E), symmetric out-of-plane shear (model 
F) and anti-symmetric out-of-plane shear (model G).

The stress intensity factor KI, KII and KIII solutions for spot welds in 
various types of specimen show strong dependence on the structural stresses 
near the spot weld (Radaj, 1989; Radaj and Zhang, 1991a, 1991b, 1992; 
Zhang, 1997, 2001). For example, the KI solution is a function of the 

1.6 Decomposition of the general structural stress distributions of a strip 
model. Model A represents a strip model under general distributions of the 
normal stresses σx and the shear stresses τxz. The general stress distributions 
of model A can be decomposed into several symmetric or anti-symmetric 
structural stress distributions: symmetric counter bending (model B), anti-
symmetric central bending (model C), symmetric tension/compression (model 
D), anti-symmetric in-plane shear (model E), symmetric out-of-plane shear 
(model F) and anti-symmetric out-of-plane shear (model G).
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structural stresses near the spot weld under symmetric counter bending 
conditions (model B shown in Fig. 1.6). The KII solution is a function of the 
structural stresses near the spot weld under anti-symmetric central bending 
and anti-symmetric in-plane shear conditions (models C and E shown in 
Fig. 1.6). The KIII solution is a function of the structural stresses near the 
spot weld under anti-symmetric out-of-plane shear conditions (model G 
shown in Fig. 1.6). Note that the structural stresses under symmetric tension/
compression and symmetric out-of-plane shear conditions (models D and 
F shown in Fig. 1.6) make no contribution to any stress intensity factor.

The maximum values of the normal stress σx, marked as σCB for counter 
bending (model B), σB for central bending (model C), σT for tension/com-
pression (model E) and σS for in-plane shear (model D), in terms of the 
normal stresses σui, σuo, σli, and σlo as shown for general loading (model A) 
in Fig. 1.6 are defi ned as:

σ σ σ σ σCB ui uo li lo= − + −( )1
4

 [1.1a]

σ σ σ σ σB ui uo li lo= − − +( )1
4

 [1.1b]

σ σ σ σ σT ui uo li lo= + + +( )1
4

 [1.1c]

σ σ σ σ σS ui uo li lo= + − −( )1
4

 [1.1d]

The values of the shear stress τxz, marked as τS for symmetric out-of-plane 
shear (model F) and τAS for anti-symmetric out-of-plane shear (model G), 
in terms of the shear stresses τu and τl as shown for general loading (model 
A) in Fig. 1.6 are defi ned as:

τ τ τS u l= +( )1
2

 [1.2a]

τ τ τAS u l= −( )1
2

 [1.2b]

1.4.1 Solution for a strip model under counter bending 
(model B)

As shown in Fig. 1.6, model B represents a strip model under counter 
bending conditions. The KI solution for model B is:

K
t

I
CB= σ

3
 [1.3]
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1.4.2 Solution for a strip model under central bending 
(model C)

Model C represents a strip model under central bending conditions. The KII 
solution for model C is:

K
t

II
B= σ
2

 [1.4]

1.4.3 Solution for a strip model under in-plane shear 
(model E)

Model E represents a strip model under in-plane shear conditions. The KII 
solution for model E is:

K
t

II
S= σ
2

 [1.5]

1.4.4 Solution for a strip model under anti-symmetric 
out-of-plane shear (model G)

Model G represents a strip model under anti-symmetric out-of-plane shear 
conditions. The KIII solution for model G is:

K tIII AS= τ 2  [1.6]

Note that the structural stresses for strip models under symmetric tension/
compression (model D) and under symmetric out-of-plane shear (model F) 
make no contribution to any stress intensity factor and the J integral for 
them is zero.

1.5 Kinked fatigue crack model for spot welds

Automobile manufacturers prefer spot welds in vehicles not to fail in 
service. However, if spot welds were to fail, they should fail in the nugget 
pull-out or circumferential failure mode. Therefore, kinked cracks emanat-
ing from the spot weld natural crack front should be considered to be the 
main mechanism for the fatigue failure of spot welds in the vehicle design 
and development stage. The fatigue cracking mechanisms of spot welds in 
different types of specimen are different owing to different geometries and 
loading conditions (Lin and Pan, 2004; Lin et al., 2007). Figure 1.7(a) shows 
a schematic plot of the symmetry cross-section of a lap-shear specimen with 
the sheet thickness t under the applied force P. Figure 1.7(b) shows a micro-
graph of the symmetry cross-section near a failed spot weld in a lap-shear 
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1.7 (a) Schematic plot of the symmetry cross-section of a lap-shear 
specimen and the applied force P shown as the bold arrows. 
(b) Micrograph of the symmetry cross-section of a failed spot weld in 
a lap-shear specimen of dual phase steel sheet under cyclic loading 
conditions. (c) Schematic plot of the symmetry cross-section near a 
spot weld.

specimen of a dual phase steel sheet 0.65 mm thick (Lin et al., 2007). The 
kinked crack appears to grow from the main notch or crack tip to the 
surface of the sheet. Figure 1.7(c) shows a schematic plot of the symmetry 
cross-section near a spot weld. The fatigue crack is schematically shown as 
a thin solid line growing from the main notch or crack tip with a kink angle 
α as shown in Fig. 1.7(c). The kink angle α appears to be near 90° for lap-
shear specimens under cyclic loading conditions. Note that, as shown in a 
parametric study in Lin and Pan (2004), when the selection of the kink angle 
is close to 90°, the fatigue life prediction is not critically dependent upon 
the selection of the kink angle.

Figure 1.7(c) also schematically shows a kinked crack emanating from 
the critical location (point A). Note that, due to symmetry, kinked cracks 
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can emanate from either of the two critical locations (point A and point B) 
when the upper and lower sheets have the same thickness. However, only 
one of them will become the dominant kinked crack and lead to the initial 
through-thickness failure of the spot weld in lap-shear specimens (Swellam 
et al., 1992). Microscopically, the main crack tips observed from the sectional 
views of spot welds usually have fi nite root radii. The effects of the notch 
geometry on the local stress intensity factor solutions for kinked cracks 
have been studied by Wang et al. (2005a). However, when the main crack 
is treated as a sharp crack, global stress intensity factor solutions can be 
used to correlate the fatigue lives of spot welds, see Zhang (1999).

In order to develop an engineering fatigue model, we idealize the three-
dimensional spot friction weld problem in lap-shear specimens as a two-
dimensional crack problem as in Newman and Dowling (1998) and Lin 
et al. (2007). Figure 1.8 shows a schematic diagram of a main crack and a 
kinked crack with the kink length a and the kink angle α. Note that, in the 
discussion of the kinked fatigue crack model and life prediction in Sections 
1.5 and 1.6, the kinked length is denoted a following the conventional use 
of a for the crack length. However, for discussion of the spot weld model 
in Section 1.2, a is denoted as the radius of the spot weld. Here, KI and KII 
represent the global stress intensity factors for the main crack, and kI and 
kII represent the local stress intensity factors for the kinked crack. Note that 
the arrows in the fi gure represent the positive values of the global and local 
stress intensity factors KI, KII, kI and kII.

For kinked cracks, when the kink length approaches 0, the local stress 
intensity factors kI and kII can be expressed as functions of the kink angle 

Main crack

KI kI

kII

KII

a

α

Kinked crack

1.8 Schematic diagram of a main crack and a kinked crack with kink 
length a and kink angle α.
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α and the global KI and KII for the main crack. The local (kI)0 and (kII)0 
solutions are given as (Bilby et al., 1977; Cotterell and Rice, 1980):

k K KI I II( ) = +⎛
⎝

⎞
⎠ − +⎛

⎝
⎞
⎠0

1
4

3
2

3
2

3
4 2

3
2

cos cos sin sin
α α α α

 [1.7]

k K KII I II( ) = +⎛
⎝

⎞
⎠ + +⎛

⎝
⎞
⎠0

1
4 2

3
2

1
4 2

3
3
2

sin sin cos cos
α α α α

 [1.8]

where (kI)0 and (kII)0 represent the local kI and kII solutions for kink length 
a approaching 0.

However, the local kI and kII solutions for kinked cracks from resistance 
spot welds are functions of the normalized kink length a/t′. Note that we 
assume the total crack growth distance t′ is equal to t/sinα due to the kink 
angle α as shown in Fig. 1.8. Therefore, we can express the local kI and kII 
solutions as:

kI(a) = fI · (kI)0 [1.9]

kII(a) = fII · (kII)0 [1.10]

where fI and fII are geometric functions which depend on the geometric 
parameters of lap-shear specimens, such as the nugget diameter d, the sheet 
thickness t, the specimen width 2W, the overlap length V, the aspect ratio 
of the crack, and the location of the crack front of interest (Wang and Pan, 
2005).

Wang and Pan (2005) investigated the local stress intensity factor solu-
tions for kinked cracks near spot welds in lap-shear specimens by three-
dimensional fi nite element analyses. Semi-elliptical cracks with various kink 
depths are assumed in the three-dimensional fi nite element analyses. Figure 
1.9(a) shows a schematic plot of a half lap-shear specimen. The specimen 
has the same dimensions as those of the lap-shear specimens used in Lin et 
al. (2007) as discussed earlier. Both the upper and lower sheets have the 
same thickness. The kinked crack front with the maximum kink depth a is 
shown as dashed lines in the fi gure. Figure 1.9(a) also shows the loading 
and boundary conditions applied to the lap-shear specimen.

The mesh for the left half of the fi nite element model with a/t = 0.5 is 
shown in Fig. 1.9(b). A close-up view of the mesh near the kinked crack is 
shown in Fig. 1.9(c). The aspect ratio of the maximum kink depth a to the 
half length c along the nugget circumference for the semi-elliptical kinked 
crack is taken as 0.4. As shown in Fig. 1.9(c), the mesh of the weld nugget 
is removed to display the mesh for the kinked crack clearly. The main crack 
and the kinked crack fronts are shown as dashed lines in the fi gure. The 
main crack surfaces are shown as solid lines in the fi gure. The geometric 
functions fI and fII for the two-dimensional kinked crack model are obtained 

�� �� �� �� ��



 Mechanics modeling of spot welds 15

© Woodhead Publishing Limited, 2010

L
V

(a)

(b)

Main crack front

Main crack
front

(c)

c
A

E
F

a
Main crack 

surface

Main crack surface

Kinked crack front

Kinked

crack front

W

S

d
a

t
y
x

z

y
x

z

1.9 (a) Schematic plot of a half lap-shear specimen with a uniform 
displacement applied to the left edge surface of the specimen, shown 
as bold arrows, and the clamped boundary conditions of the right 
edge surface of the specimen. (b) Mesh for a left half, three-
dimensional fi nite element model. (c) Close-up view of the mesh near 
the kinked crack.

from the three-dimensional fi nite element analyses. Details of the computa-
tions were presented by Wang and Pan (2005).

Since the kink crack growth should be dominated by the local combined 
mode I and mode II loading conditions, a local equivalent stress intensity 
factor can be defi ned as:

k k keq I II= +2 2γ  [1.11]

where γ is an empirical constant to account for the sensitivity of the fatigue 
crack growth to the local mode II loading conditions. Without further infor-
mation, γ is taken as 1. Now we adopt the Paris law to describe the fatigue 
crack propagation as:

d
d

eq
a
N

C k m= ( )Δ  [1.12]
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where a is the kink length, N is the life or number of cycles, C and m are 
material constants and Δkeq is the range of the local equivalent stress inten-
sity factor. As discussed earlier, the local stress intensity factor solutions are 
dependent on the kink length a. The load ratio R of the experiments on 
dual phase steel by Lin et al. (2007) was set at 0.2. The experimental data 
in Swellam et al. (1992) were obtained with a load ratio R = 0 and those in 
Zhang et al. (2001) were obtained with a load ratio R = 0.1. Therefore, the 
load ratio effect as discussed in Swellam et al. (1994) and Newman and 
Dowling (1998) may not become important and only the stress intensity 
factor range without the load ratio effect is used in Equation [1.12].

When the local stress intensity factor solutions are dependent on the kink 
length a, the fatigue life for lap-shear specimens can be expressed as:

N
C

k a a k a a
t m

t

t m

= ( )[ ]⎡
⎣⎢

+ ( )[ ] + +
′ −

′

′ −

∫ ∫
1

0

0 05

0 05

0 2
Δ Δ Δeq eqd d

.

.

.
� kk a a

t

t m

eq d( )[ ] ⎤
⎦⎥′

′ −

∫0 7.   
 [1.13]

where 0, 0.05, 0.2, .  .  . , and 0.7 represent the values of the normalized kink 
length a/t where the computational stress intensity factor solutions are 
available from Wang and Pan (2005).

When we assume that the local stress intensity factor solutions are inde-
pendent of the kink length a, the fatigue life of spot welds can be obtained 
by integrating Equation [1.12] as:

N
t

C k m=
( )Δ eq sin α

 [1.14]

Here we assume the total crack growth distance is equal to t/sinα owing to 
the kink angle α. Now we can rearrange Equation [1.14] as:

Δk
t

C
N

m
m

eq = ⎛
⎝

⎞
⎠

−

sin α

1
1

 [1.15]

Based on the various stress intensity factor solutions for various specimens 
discussed in Lin and Pan (2008b), we can write a general solution for 
various specimens according to linear elasticity as:

Δkeq = F(α, a, t, geometric parameters)ΔP [1.16]

where F represents a function of α, a, t and the necessary geometric param-
eters such as the specimen width and the eccentricity distance e for coach-
peel specimens. Here, Δkeq is linearly proportional to ΔP, which represents 
the range of applied load.

Combining Equations [1.15] and [1.16], we can write a general solution 
consistent with the conventional stress–life equation as:
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ΔP H a t C N m= ( )
−

α, , , , geometric parameters
1

 [1.17]

where H represents a function of α, a, t, the material constant C, and the 
necessary geometric parameters of specimens. According to Equation 
[1.17], when ΔP is plotted as a function of N on a log-log scale, the slope is 
determined by the material constant m. Equation [1.17] shows that the 
fatigue crack growth model based on a fracture mechanics approach can 
lead to a solution essentially following the form of the traditional stress–life 
approach. When the local stress intensity factor solutions are dependent on 
the kink length a, Equation [1.17] is still approximately valid.

1.6 Life predictions for spot welds in 

lap-shear specimens

The lap-shear specimens of Lin et al. (2007) were made from galvanized 
and bare DP500 dual phase steels. The lap-shear specimens have the sheet 
thickness t of 0.65 mm, the nugget diameter d of 6.4 mm and a width 2W 
of 38 mm. Based on the experimental results of Lin et al. (2007), the kink 
angle α is taken as 100°. The material constants C and m used in the Paris 
law are chosen for martensitic steels as C = × −1 36 10 7. MPa m  and m = 
2.23 as in Lin et al. (2007).

Figure 1.10 shows the experimental results of Lin et al. (2007) for spot 
welds in lap-shear specimens made from DP500 dual phase steel and the 
fatigue life predictions based on the fatigue crack growth models based on 
Equations [1.13] and [1.14]. The fatigue life predictions based on the fatigue 
crack growth model in Equations [1.13] and [1.14] appear to agree very well 
with the experimental results. Note that the fatigue life predictions based 
on the fatigue crack growth model in Equation [1.13] are lower than the 
fatigue life predictions based on the fatigue crack growth model in Equa-
tion [1.14] since the local equivalent stress intensity factor ranges are larger 
than those based on the vanishing kink length for most of a/t′.

The lap-shear specimens of Zhang et al. (2001) were made from IF260GA 
high strength steels. The specimens have a sheet thickness t of 1.5 mm, a 
nugget diameter d of 7.35 mm and a width 2W of 50 mm. Based on the 
experimental observations of Gao et al. (2001), the kink angle α is taken as 
80°. The material constants C and m used in the Paris law are chosen for 
martensitic steels as C = × −1 36 10 7. MPa m  and m = 2.23 as in Lin et al. 
(2007).

Figure 1.11 shows the experimental results of Zhang et al. (2001) for spot 
welds in lap-shear specimens made from high strength steels and fatigue 
life predictions based on the fatigue crack growth models in Equations 
[1.13] and [1.14]. The fatigue life predictions based on the fatigue crack 
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1.10 Predicted fatigue lives based on local stress intensity factor 
solutions as functions of the kink length, predicted fatigue lives based 
on the constant local stress intensity factor solutions and experimental 
results for spot welds in lap-shear specimens of dual phase steels.

growth model in Equations [1.13] and [1.14] appear to agree well with the 
experimental results. Note that fatigue life predictions based on the fatigue 
crack growth model in Equation [1.13] are lower than the fatigue life pre-
dictions based on the fatigue crack growth model in Equation [1.14] since 
the local equivalent stress intensity factor ranges are larger than those 
based on the vanishing kink length for most of a/t′.

The lap-shear specimens of Swellam et al. (1994) were made from low 
carbon steels. The specimens have a sheet thickness t of 1.4 mm, a nugget 
diameter d of 4.8 mm, and a width 2W of 38 mm. Based on the experimental 
observations of Swellam et al. (1992), the kinked angle α is taken as 80°. 
Since the fatigue crack growth paths of the failed spot welds are relatively 
close to the base metal, the material constants C and m used in the 
Paris law are chosen for ferrite-pearlite steels as C = × −6 89 10 9. MPa m  
and m = 3 as in Lin et al. (2007).

Figure 1.12 shows the experimental results of Swellam et al. (1992) for 
spot welds in lap-shear specimens made from low carbon steels and fatigue 

�� �� �� �� ��



 Mechanics modeling of spot welds 19

© Woodhead Publishing Limited, 2010

102

103

105

104

103 104 105 106 107

Life

L
o
a
d
 r

a
n
g
e
 (

N
)

Experimental results for high strength steel
Life prediction 
Life prediction (assumed constant local k)

1.11 Predicted fatigue lives based on the local stress intensity factor 
solution as functions of the kink length, predicted fatigue lives based 
on the constant local stress intensity factor solutions and experimental 
results of spot welds in lap-shear specimens of high strength steels.

life predictions based on the fatigue crack growth models in Equations 
[1.13] and [1.14]. The fatigue life predictions based on the fatigue crack 
growth model in Equations [1.13] and [1.14] appear to be lower than the 
experimental results. Note that the fatigue life predictions based on the 
fatigue crack growth model in Equation [1.13] are lower than the fatigue 
life predictions based on the fatigue crack growth model in Equation [1.14] 
since the local equivalent stress intensity factor ranges are larger than those 
based on the vanishing kink length for most of a/t′.

1.7 Conclusions

This chapter has presented a mechanics model of a spot weld in a fi nite 
plate under general loading conditions in order to establish a theoretical 
framework to model a spot weld. The spot weld is assumed to be a rigid 
inclusion in order to develop closed-form analytical solutions. Based on the 
stress function approach and the Kirchhoff plate theory for linear elastic 
materials, the available closed-form stress, moment and transverse shear 
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1.12 Predicted fatigue lives based on the local stress intensity factor 
solution as functions of the kink length, predicted fatigue lives based 
on the constant local stress intensity factor solutions and experimental 
results of spot welds in lap-shear specimens of low carbon steels.

force solutions are discussed for a plate with a rigid inclusion subjected 
to various types of resultant loads on the inclusion and various types of 
resultant loads on the plate lateral surface. Based on the J integral for a 
strip model, closed-form analytical stress intensity factor solutions for spot 
welds are presented in terms of the structural stresses around a rigid inclu-
sion in a plate under various types of loading conditions. The closed-form 
solutions are used as the basis for developing analytical stress intensity 
factor solutions for spot welds in various types of specimen or structural 
components.

As an example, to demonstrate the applicability of the stress intensity 
factor solutions for spot welds, a fatigue crack growth model is presented 
next to correlate the fatigue lives of resistance spot welds in lap-shear 
specimens of dual phase, low carbon and high strength steels under cyclic 
loading conditions based on the experimental observations of spot welds 
that failed in a kinked crack propagation mode. The fatigue crack growth 
model is based on global stress intensity factor solutions for main cracks, 
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local stress intensity factor solutions for kinked cracks as functions of the 
kink length, experimentally determined kink angles and the Paris law for 
kinked crack propagation. Predicted fatigue lives based on the fatigue crack 
growth model are then compared with the experimental data. The results 
indicate that the fatigue life predictions based on the fatigue crack growth 
model are in agreement with or lower than the experimental results.
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Resistance spot weld failure mode and weld 

performance for aluminum alloys

X. S U N, Pacifi c Northwest National Laboratory, USA

Abstract: This chapter discusses the relationship between fusion zone 
size and weld performance for aluminum resistance spot welds. Weld 
performance in terms of failure modes, static strength and energy 
absorption is examined using a combined experimental, statistical and 
analytical approach. The main failure modes for aluminum spot welds 
are nugget pullout and interfacial fracture. It is found that fusion zone 
size, sheet thickness and the level and location of weld porosity/defects 
are the main factors infl uencing the cross-tension failure mode of an 
aluminum spot weld. Two additional spot weld populations with different 
fusion zone sizes are used to validate the analytical failure mode model.

Key words: aluminum resistance spot welds, energy absorption, failure 
modes, fusion zone size, interfacial fracture, nugget pullout, static 
strength, weld porosity.

2.1 Introduction

Resistance spot welding (RSW) is easy to operate, automate, control and 
perform and thus is an ideal joining technology for mass production. RSW 
has been used for decades and it is the primary joining technology for sheet 
metal assemblies in the automotive and other industries. Over the years, 
RSW technology has been perfected for various steel grades and sheet 
metal thicknesses, delivering high-quality, durable structural joints.1–3 
Recently, because of their light weight and relatively high strength, more 
and more aluminum alloys have been used in the construction of automo-
bile body and panel parts to reduce weight and therefore enhance fuel 
effi ciency. As one of the primary joining methods in the automotive indus-
try, the RSW process for aluminum alloys has been studied intensively over 
the past two decades.4–8

Spot welding of aluminum alloys shares the same overall Joule heating 
principle as spot welding of steel. However, because of the relatively low 
density and high thermal and electrical conductivity of aluminum alloys, 
aluminum spot welding also presents some unique challenges for the 
automotive industry. Higher welding currents, typically two to three times 
those of steel and only one-third of the welding duration time are used. The 
issues associated with production welding of aluminum alloys include weld 
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porosity, weld expulsion, electrode wear and inconsistency in failure mode 
during coupon-level joint quality evaluation.9,10

As a means of quality control, the automotive industry historically has 
adopted an approach and criterion for aluminum spot welds similar to those 
used in spot welding mild steel, that is, a peel-test to determine whether a 
satisfactory weld has been produced. The common criterion is borrowed 
from the conventional spot-weld criterion for mild steel, in which the 
minimum weld button diameter (D) should be equal to or larger than 4 t  
(t defi ned as material thickness in mm).11 Undersized welds have an average 
weld button diameter larger than 2 t  but less than 4 t . Defective welds 
have average weld button diameters less than or equal to 2 t . Any weld 
that fails in the interfacial fracture mode would be considered a ‘bad’ weld 
and would be rejected by the quality control inspector.

This criterion works relatively well for mild steel spot welds because the 
weld nugget has a signifi cantly higher hardness level (therefore yield 
strength) than the base material; hence the nugget pullout mode would 
produce the highest joint strength. On the other hand, the effectiveness of 
this criterion for evaluation of the quality of an aluminum spot weld and 
an advanced high strength steel spot weld has not been adequately studied 
by the automotive welding community; it was adopted from use in mild 
steel spot welds without much in-depth study. Because of the more frequent 
occurrence of interfacial fracture, many automotive companies do not have 
confi dence in aluminum spot welds and are now pursuing alternative, yet 
more expensive, joining techniques such as riveting and/or clinching.

The purpose of this chapter is to examine the effects of fusion zone size 
and failure modes on the peak load and energy absorption levels of alumi-
num spot welds. First, two sample weld populations were considered:

• weld population ID14: RSW of 2 mm 5182-O to 2 mm 5182-O
• weld population ID15: RSW of 2 mm 5182-O to 2 mm 6111-T4.

For each weld population, three coupon confi gurations were included in 
the static tests: lap shear, cross tension and coach peel; see Figs 2.1 to 2.3 
for specimen design, dimensions and fi xture design. For each static test, a 
load versus displacement curve was recorded, as were the failure mode and 
nugget size/fusion zone size of the joint sample. The total energy absorption, 
which is represented by the area under the load versus the displacement 
curve, was then calculated through numerical integration. Thirty identical 
static strength tests were performed for each joint confi guration and statisti-
cal analysis was performed to study the effects of different failure modes 
on the peak load and energy absorption of the weld joints.

Next, a simple, limit-load based analytical model was derived to rational-
ize the experimental observed failure modes for aluminum spot welds 
with the aid of micro-hardness measurements of the weld samples. Two 
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2.1 Lap-shear coupon design and test fi xture.

Joint

Load

Load

Load

Load

2.2 Cross tension coupon design and test fi xure.

2.3 Coach peel coupon design and fi xture.

additional weld populations with different fusion zone sizes were then 
fabricated and tested to validate the analytical model. The goal of this study 
is to provide welding engineers with some insight into the anticipated joint 
failure modes for a given weld population with certain weld attributes and 
to discuss the effects of weld size and weld porosity (irregularity) level on 
the anticipated levels of weld strength and failure mode.
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2.2 Experimental study of aluminum spot welds

The initial experimental work in this investigation consisted of quasi-static 
tests of lap shear, coach peel and cross tension of ID14 and ID15. The speci-
men and test fi xture designs are shown in Figs 2.1 to 2.3. The following 
welding parameters were used in the coupon fabrication process:

• Electrodes: 0.370″ (9.4 mm) face diameter truncated electrode
• Current: ~34.0 kA, 80% current, AC welder
• Force: 1050 lbf (4671 N)
• Weld time: 8 cycles
• Water fl ow rate: 2.6 gal min−1 (197 ml s−1).

Special efforts were made to ensure the location of the welds was in the 
width center of the specimens. Electrode tips were dressed every 15 welds 
to ensure weld consistency. Peel tests and metallographic cross-sections 
were used to maintain a nugget diameter of ~8 mm for all specimens. Figure 
2.4 shows the typical weld metallurgical cross-sections for ID14 and ID15, 
respectively.

Quasi-static tests at a rate of 10 mm min−1 were performed on these 
specimens to determine their load versus displacement curves. Figure 2.5 
shows the typical experimental results for ID14 under the three loading 
confi gurations. Thirty static tests were performed for each joint population 
and each loading confi guration.

(a)

(b)

1 mm

1 mm

AA 5182-O

AA 6111-T4

2.4 Typical metallurgical cross-sections for (a) ID14 and (b) ID15.
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2.5 Sample load versus displacement curves for ID14.

2.2.1 Lap shear tests

For lap-shear samples of both populations ID14 and ID15, interfacial frac-
ture was the only failure mode observed. The average peak failure load for 
ID14 is 7.16 kN and the average peak failure load for ID15 is 7.17 kN, with 
no signifi cant sheet bending deformation observed for either population.

2.2.2 Cross tension tests

Both nugget pullout and interfacial fracture modes were observed for the 
cross tension samples of ID14 and ID15 and the majority of the samples 
failed in pullout mode. The average peak loads are 6.05 kN and 5.95 kN for 
ID14 and ID15, respectively. A detailed statistical analysis will be presented 
in the next section to study whether different failure modes have a signifi -
cant infl uence on the peak failure loads for these two populations.

2.2.3 Coach peel tests

Similar to the cross tension samples, the failure modes for coach peel 
samples were also a combination of nugget pullout and interfacial fracture. 
However, in coach peel samples, interfacial fracture and partial interfacial 
fracture (a combination of interfacial fracture and later stage nugget 
pullout) were more often observed. In some samples, sheet-tearing failure 
was also observed after nugget pullout, which increases the energy absorp-
tion levels of those samples signifi cantly. Again, a statistical analysis will be 
conducted for the coach peel samples and discussion in the next section will 
reveal whether different failure modes have a signifi cant impact on the peak 
load and energy absorption levels of these two populations.
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2.3 Statistical data analysis for aluminum spot welds

2.3.1 Weibull plots

The statistical characteristics of a data set can be analyzed using some 
mathematical tools such as a probability paper.12,13 Following specifi c math-
ematical procedures, if all the data points in a data set plot approximately 
on a straight line on a certain probability paper, the distribution corre-
sponding to that paper may be an appropriate distribution model for the 
data population under examination. Moreover, the characteristics of the 
linear line fi tting the data on the probability paper will quantify the mean 
value and standard deviation of the data population according to the spe-
cifi c distribution type.

In studying the statistical nature of spot welds strength under different 
loading conditions, the static strength and energy absorption for different 
failure modes are analyzed using the two-parameter Weibull distribution:

F
m

= − − ⎛
⎝⎜

⎞
⎠⎟

⎡

⎣
⎢

⎤

⎦
⎥1

0

exp
σ
σ

 [2.1]

in which F denotes median estimator of the cumulative failure probability 

and is given by F
i

N
= −

+
0 3
0 4
.
.

, where i is the ranking of each specimen with 

values 1, 2, .  .  . N, and N is the total number of specimens, σ is the peak load 
(or energy absorption) and σ0 and m are Weibull parameters. Physically, as 
maybe verifi ed from Equation [2.1], σ0 is the peak load (or energy) value 
corresponding to a failure probability of 63.2% and m is the slope of 

ln ln
1

1 −
⎛
⎝

⎞
⎠F

 versus ln σ plot, otherwise known as the Weibull modulus or 

shape parameter.13 For a unimodal distribution, m is analogous to the 
inverse of the standard deviation expressed as a fraction of mean strength. 

Therefore, the more vertical the data line is on a ln ln
1

1 −
⎛
⎝

⎞
⎠F

 versus ln σ 

plot (or Weibull plot), the higher the value m and the less scatter the data 
has in a statistical sense.

To study the effect of different failure modes on the peak load and energy 
absorption for the weld samples in ID14 and ID15, we took the static test 
results obtained in the previous section and categorized them into two sub-
populations based on individual sample failure modes, namely, nugget 
pullout failure and interfacial fracture failure. The data points within each 
sub-population were then sorted in ascending order in terms of peak load 
or energy absorption in order to be plotted on Weibull probability paper.12 
Figures 2.6 and 2.8 show the Weibull plots of peak load for ID14 and ID15, 
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2.6 Weibull distribution comparing ID14 peak load distribution for 
interfacial fracture and pullout modes.

respectively and Figs 2.7 and 2.9 show the Weibull plots of energy absorp-
tion levels for ID14 and ID15, respectively. It should be noted that the cases 
with partial interfacial fracture were grouped as interfacial fracture based 
on their primary failure modes.

Assuming the available data points in each sub-population of different 
failure modes are suffi cient for statistical signifi cance, the characteristics of 
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2.7 Weibull distribution comparing ID14 energy absorption for 
interfacial fracture and pullout modes.
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2.8 Weibull distribution comparing ID15 peak load distribution for 
interfacial fracture and pullout modes.
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2.9 Weibull distribution comparing ID15 energy absorption for 
interfacial fracture and pullout modes.

the Weibull plots for interfacial fracture and nugget pullout modes can 
provide the median value as well as the degree of scatter for each failure 
mode. It should be noted that, since interfacial fracture was the only failure 
mode observed for all the lap shear samples of ID14 and ID15, no statistical 
study was performed on those data.
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2.3.2 Cross tension

The linearity of curve fi ttings for pullout and interfacial fracture failure 
modes in Figs 2.6, 2.7, 2.8, and 2.9 suggests that the peak load and energy 
distribution under cross tension for ID14 and ID15 can be modeled approx-
imately using Weibull distributions with different shape parameters.

For ID14 under cross tension, the Weibull plots in Fig. 2.6 show that the 
median peak load for interfacial fracture is about 10% lower than the 
median peak load for pullout failure. Consistently, the median energy 
absorption for interfacial fracture is about 10% lower than that of pullout 
mode for this population. Since the fi tted straight lines in Fig. 2.6 are almost 
parallel, it is concluded that the interfacial fracture and pullout failure 
modes have the same shape parameters for the Weibull distribution and 
therefore the degree of peak load and energy scatter is about the same for 
these two failure modes for ID14.

For ID15 under cross tension, the Weibull plots in Fig. 2.8 show that the 
median peak load levels for the two failure modes are almost identical. 
However, the interfacial fracture mode shows a higher level of scatter on 
peak load than the pullout mode. Similar observations can be made for the 
energy absorption levels for the two failure modes for ID15 under cross 
tension, see Fig. 2.9.

2.3.3 Coach peel

Under coach peel loading confi guration, the lack of linearity of the data 
points for ID14 and ID15 indicates that a uni-modal Weibull distribution 
cannot be used to model the entire data population correctly, see Figs 2.6, 
2.7, 2.8 and 2.9. However, the few cases in the peak load distributions that 
do not fi t the straight lines are mostly the cases with combined failure 
modes of nugget pullout and sheet tearing. If we were to consider the major-
ity of cases represented by the straight lines, consistent conclusions about 
peak load distributions under the coach peel condition can again be reached 
for the two weld populations like those under cross tension: the median 
peak load for interfacial fracture mode is lower than that for the nugget 
pullout mode. But the median value difference for the two failure modes is 
less than 10%.

The distributions for energy absorption under coach peel loading condi-
tions for ID14 and ID15 have a bilinear nature. Therefore, bimodal Weibull 
distributions may be more suitable for these energy distributions. In Fig. 2.7, 
the cases with sheet tearing have distinguishable higher energy levels owing 
to the additional energy absorbed by the base metal tearing deformation.

In conclusion, the above statistical analyses indicate that the median peak 
load for the cases failed in interfacial fracture mode is about 10% lower 
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than that for the cases failing in pullout mode for ID14 and that the median 
peak load is about the same for ID15 with different shape parameters. 
Similar conclusions can also be reached for the energy absorption levels. 
These results indicate that, for weld populations ID14 and ID15, the differ-
ences in failure modes under cross tension and coach peel conditions do 
not produce a signifi cant difference in the specimens’ peak load and energy 
absorption levels. Nugget pullout mode only produces slightly higher peak 
load and energy absorption.

2.4 Analytical failure mode prediction for aluminum 

spot welds under cross tension loading condition

In this section, we attempt to derive a simple, limit-load based analytical 
strength model to predict joint strength and the associated failure mode for 
an aluminum spot weld under static cross tension loading. As shown in Fig. 
2.4, a typical cross-section of an aluminum spot-weld consists of base metal, 
weld nugget and the region between the base metal and the nugget, the 
heat-affected zone (HAZ). Let us denote the weld fusion zone diameter as 
D, the sheet thickness on the thinner side as t and assume that the weld has 
a porosity factor f, which is defi ned as:

f
A A

A
f=

−
< ≤total porosity

total

, .0 1 0  [2.2]

In Equation [2.2], Atotal is the total area of the fusion zone on the faying 
interface and Aporosity is the projected area of porosity in the fusion zone on 
the faying interface of the weld. The factor f is defi ned in such a way that 
a porosity-free weld has an f value equal to 1.0 and a weld that has some 
degree of porosity on the faying interface has an f value less than 1.0 but 
greater than 0. We assume that porosity does not concentrate at the weld 
periphery, such that the existence of porosities does not affect the local 
stress distribution around the weld tip and therefore would not infl uence 
the local crack growth path for the weld under static cross tension loading.

Assuming axisymmetric deformation under cross tension loading condi-
tion, the peak load for a weld to fail in interfacial fracture mode can be 
approximated as:

F f A f
D

y yIF total weld weld= ⋅ ⋅ = ⋅ ⋅ ⋅− −σ π σ
2

4
 [2.3]

where σy−weld represents the tensile yield strength of the weld metal. We use 
tensile yield strength of the weld metal instead of ultimate strength because 
this is a limit load analysis in which no local material hardening or necking 
is considered.14
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On the other hand, if the spot welds fail in nugget pullout mode, experi-
ments have shown that failure normally occurs by through-thickness shear 
in the heat affected zone.14 Therefore the peak load for a weld to fail in 
nugget pullout mode under cross tension can be approximated as:

FPO = π · D · t · σy–HAZ–shear [2.4]

In Equation [2.4], σy–HAZ–shear represents the shear yield strength of the 
heat-affected zone. Again, this is a limit load estimation in which yield 
strength is used instead of ultimate strength because no necking or material 
hardening in the heat affected zone is considered. It should be mentioned 
that Equation [2.4] also assumes no signifi cant weld indentation. If notice-
able weld indentation occurs from the welding process, a reduced level of 
t should be used based on the actual residual sheet thickness around the 
weld periphery.

The failure mode of a specifi c weld under cross tension loading condition 
can then be determined by selecting the failure mode associated with the 
lower peak load level according to Equations [2.3] and [2.4] given the values 
of σy−weld and σy–HAZ–shear. In principle, this methodology should apply for 
both steel and aluminum spot welds. Here we use an aluminum spot weld 
as an example.

In order to ensure pullout failure for an aluminum spot weld, the follow-
ing inequality needs to be satisfi ed:

FPO < FIF [2.5]

Figure 2.10 shows the line plot of hardness measurement of a typical weld 
in ID15. The hardness data shown in Fig. 2.10 indicate that the difference 
in the hardness of the base metal and the weld metal is not signifi cant. 
Consequently, we can deduce that the tensile yield strength of the weld 
nugget for an aluminum weld should be close to that of the base metal. The 
average hardness level of the HAZ is about 15% higher than the average 
hardness of the base metal. These micro-hardness observations for alumi-
num RSW are in contrast to those for mild steel RSW in which the weld 
nugget and the HAZ have much higher hardness values than the base 
metal.15

Since the tensile yield strength of a material can be considered linearly 
related to its hardness level,15 the tensile yield strength of the weld metal, 
σy−weld and the tensile yield strength of the base metal, σy–base metal, can be 
considered to be roughly the same. The tensile yield strength of the HAZ, 
σy–HAZ is considered to be roughly 15% higher than σy–base metal. Since it is 
very diffi cult to obtain accurate shear data on materials that exhibit some 
ductility, very little data exist on the shear yield strength for the HAZ, 
σy–HAZ–shear. It is generally agreed that the shear yield strength of ductile cast 
iron is about 0.6 to 0.7 times its tensile yield strength.16 Taking a similar 
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2.10 ID15 Vickers hardness measurement. The test force applied was 
100 gf.

approach, we assume here that the shear yield strength of the HAZ is about 
70% of its tensile yield strength. Summarizing the above yield strength 
analyses, we have:

σy−weld = σy–base metal [2.6]

σy–HAZ–shear = 0.7 × σy–HAZ = 0.7 × 1.15 × σy–base metal ≈ 0.8 σy–base metal [2.7]

Substituting Equations [2.6], [2.7], [2.3] and [2.4] into inequality [2.5] pro-
duces the condition under which pullout failure mode can be ensured:

D
t

f
critical > 3 2.

 [2.8]

Therefore, for a certain sheet thickness t and weld porosity factor f, the 
larger the weld diameter D, the better the chance of ensuring a pullout 
mode of failure. Also, for a certain sheet thickness, t, the lower the value f, 
that is, the higher the porosity level, the larger the nugget diameter D is 
needed to ensure pullout failure.

The failure mode prediction methodology described above can also be 
illustrated schematically as shown in Fig. 2.11, in which the heavier lines 
indicate the predicted failure mode. Given a certain material thickness t and 
porosity factor f, when D is smaller than Dcritical, FIF < FPO. Therefore inter-
facial fracture would be the dominant failure mode under cross tension. On 
the other hand, when D is greater than Dcritical, FPO < FIF. Therefore nugget 
pullout would be the dominant failure mode under cross tension loading.
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2.11 Schematic illustration of cross tension failure load and failure 
mode versus weld diameter at different porosity levels.

If one assumes f = 1.0, that is, perfect quality aluminum spot welds with 
no porosity and irregularity, the predicted nugget size of 3.2t for pullout 
mode can be compared with the conventional recommended minimal 
nugget size of 4 t . If the thickness of the aluminum sheet being welded is 
less than 1.5625 mm, the conventional minimal nugget size recommenda-
tion of 4 t  is suffi cient to ensure nugget pullout. On the other hand, if the 
aluminum sheet thickness is greater than 1.5625 mm, the recommended 
minimal nugget size of 4 t  is smaller than 3.2t. Therefore the recommended 
minimal weld size of 4 t  is not suffi cient to ensure nugget pullout failure 
under the cross tension loading condition. If one were to take into consid-
eration weld porosity and irregularity of the actual production welds, the 
nugget size needs to be further increased to ensure nugget pullout.

From another perspective, Fig. 2.11 also indicates that the cross tension 
strength of the weld depends primarily on the weld diameter D at a certain 
level of porosity. For weld diameters smaller than Dcritical, interfacial fracture 
failure mode would be dominant and the peak failure load would increase 
in a parabolic fashion with respect to the weld diameter. For weld diameters 
greater than Dcritical, nugget pullout would be the dominant failure mode 
and peak failure load increases linearly with the weld diameter. This conclu-
sion validates the observations obtained in the previous section on the 
effect of weld size.

2.5 Model validation and discussion of 

aluminum spot welds

In order to validate the above analytical failure mode model, two additional 
populations of aluminum spot welds with 2 mm AA5182-O were fabricated 
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for cross tension loading condition. Our intention was to make one sample 
population with a weld size smaller than the original ID14 and another 
sample population with a weld size larger than ID14. We labeled these 
populations as ID14-small-weld and ID14-large-weld. The intended fusion 
zone diameter for ID14 small-weld population was 5.5 mm to 6.1 mm and 
the intended fusion zone size for ID14 large-weld population was 9 mm to 
10.6 mm. Typical weld cross-sections for ID14 small-weld and ID14 large-
weld are shown in Fig. 2.12. Note that the small weld population has the 
desired weld size of 4 t .11 Again, 30 replicates of quasi-static cross tension 
tests were conducted for each population and the resulting peak load and 
joint failure modes were recorded.

According to Figs 2.4 and 2.12, the area percentage of porosity on the 
faying interface can be estimated as ~15–20% for a typical weld in ID14, 
ID14 small-weld and ID14 large-weld. Assuming the same level of f = 0.85 
for all three populations, we derive Dcritical = 7.5 mm according to Equation 
[2.8] for 2 mm AA5182-O sheet. Since the weld sizes for the samples in 
ID14 were controlled to be around 8 mm, this may explain why the majority 
of the cross tension samples in ID14 failed in nugget pullout mode. The 

(a)

(b)

2.12 Typical metallurgical cross-sections for (a) ID14 large weld and 
(b) ID14 small-weld.
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recorded nugget sizes for ID14 also confi rm that all the welds in ID14 that 
failed in nugget pullout mode have weld diameters greater than 7.5 mm.

Furthermore, when we increased the weld size to 9–10 mm as in popula-
tion ID14 large-weld, 28 of the 30 welds tested failed in nugget pullout 
mode. The two welds that failed in interfacial fracture mode have irregular 
fusion zone shape and their minimum fusion zone diameters are measured 
to be 4.95 mm and 7.1 mm, respectively.

For ID14 small-weld population, 22 of the 30 welds tested failed in inter-
facial fracture mode and eight welds failed in nugget pullout mode. The 
actual fusion zone size for ID14 small-weld is larger than its intended value, 
with an average fusion zone size of around 7.1 mm. Since their average 
diameter is lower than the predicted critical value, the majority of the welds 
failed in interfacial fracture mode.

Figure 2.13 summarizes the experimentally observed failure modes for 
the original ID14, ID14 small-weld and ID14 large-weld populations. The 
dominant failure modes for the three populations change from interfacial 
fracture to nugget pullout with increasing fusion zone size. Considering the 
statistical nature of weld size, porosity level and distribution, the analytical 
model works reasonably well in predicting the critical weld size for nugget 
pullout.

Thus far, we have validated Equation [2.8] for the effect of fusion zone 
size D for fresh welds with consistent porosity levels. The validations do not 
include the effects of weld porosity factor f. Since the level of weld porosity 
and its distributions are closely related to electrode wear,10 further valida-
tions on the effect of porosity factor f should be investigated in conjunction 
with studies of electrode wear.

It is worth noting that, given the material properties and the nugget size, 
one can also use Equations [2.3], [2.4], [2.6] and [2.7] to estimate quickly 
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2.13 Comparison of failure modes versus weld fusion zone size.
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2.14 Comparison of cross tension peak load distributions for ID14, 
ID14 large-weld and ID14 small-weld.

the anticipated cross tension strength of a spot weld population. For 
example, the shear strength of AA5182-O used in ID14 and ID15 is about 
140 MPa according to the Metal’s Handbook16 and ASM Specialty Hand-
book.17 Given the sheet thickness of 2 mm and the average nugget size of 
8.5 mm, Equation [2.4] estimates the weld pullout strength to be:

FPO = π · D · t · σy–HAZ–shear ≈ π · 8.5 · 2 · 0.8 · 140 = 5.98 kN [2.9]

The estimated cross tension strength in Equation [2.9] is very close to the 
strength data obtained experimentally.

As noted in Equation [2.4], the actual weld pullout strength under the 
cross tension loading condition also depends on the degree of weld indenta-
tion. Therefore the fact that a weld has a larger fusion zone diameter and 
that it fails in nugget pullout mode cannot guarantee that it is stronger than 
a weld with a smaller fusion zone for the same material combination. An 
example of this is shown in Fig. 2.14 where the peak loads of ID14, ID14 
small-weld and ID14 large-weld are compared. Even though ID14 large-
weld has larger fusion zone size than ID14, its average static strength is 
lower than that of ID14 because of its severe weld indentation and there-
fore reduced effective sheet thickness t.

Another important observation from Fig. 2.14 is that, for joint ID14 
small-weld, the mean strength of the samples that failed in interfacial frac-
ture mode is considerably lower than that of the samples that failed in 
nugget pullout mode. With increasing fusion zone sizes for ID14 and ID14 
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large-weld, the strength differences between the two failure modes decrease. 
Therefore the observations we made earlier on the effects of failure modes 
on peak load and energy absorption for ID14 and ID15 cannot be general-
ized to welds with a fusion zone size smaller than Dcritical. In addition, for a 
population ID14 large-weld, the samples that failed in interfacial fracture 
mode have a similar level of median strength but a larger level of scatter 
than those that failed in nugget pullout mode.

It should also be noted that, even though the analytical part of the study 
focuses on aluminum spot welds, a similar analysis procedure may also be 
used for spot welds of advanced high strength steel (AHSS) because of the 
similar characteristics of the hardness traverse plots. For both of these 
materials, the weld nugget does not have a signifi cantly higher yield strength 
than the base metal and the heat-affected zone. Moreover, based on a 
similar micro-hardness argument, it can be shown that the traditional cri-
terion for rejecting interfacial fracture welds works well in evaluating the 
quality of mild steel spot welds. Detailed discussions on RSW failure modes 
for AHSS will be covered in the following chapters.

2.6 Conclusions

Through experimental investigation, statistical study and analytical study, 
the following conclusions can be derived:

• Theoretically, weld size, sheet thickness and level of weld porosity are 
the main factors determining the cross tension failure mode for the 
aluminum spot welds studied in this chapter. For a given sheet thickness 
and porosity level, the larger the weld size in comparison with Dcritical, 
the more likely it is that the weld will fail in nugget pullout mode under 
cross tension. It should be noted that this conclusion is quantitatively 
valid for situations where the weld metal and HAZ hardness/strength 
are similar to those of the base metal. If substantial strength disparities 
exist (e.g. when welding precipitation hardening alloys in the T6 condi-
tion), the critical weld diameter for pullout failures could be signifi cantly 
shifted according to Equations [2.3] and [2.4].

• For the two populations of aluminum spot welds in ID14 and ID15, 
different failure modes under cross tension and coach peel loading 
conditions do not signifi cantly infl uence the static peak load and energy 
absorption levels of the samples. In a statistical sense, the pullout mode 
generates a less than 10% higher peak load and total energy absorption 
compared with the interfacial fracture mode. However, this conclusion 
can not be generalized to weld populations with fusion zone sizes smaller 
than Dcritical.
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• For the cross tension samples that failed in nugget pullout mode in ID14 
and ID15, a larger weld diameter generates higher peak load and higher 
energy absorption.

• Severe weld indentation reduces the static strength of cross tension 
samples. In general, if we consider two samples from two different weld 
populations, the sample with the larger weld size does not guarantee 
higher cross tension strength even when both samples fail in nugget 
pullout mode. The degree of weld indentation should also be 
considered.

• The cross tension strength of aluminum welds can be reasonably esti-
mated given the material’s yield strength, sheet thickness, weld size and 
the level of weld porosity.

The conclusions of this study seem to suggest that one would want to 
increase the weld size indefi nitely to achieve a higher level of peak load 
and energy absorption. Practically, a larger weld size is also associated with 
a higher energy requirement for the welding equipment, faster electrode 
wear and possible weld indentation. Therefore, the optimized value of weld 
size should be selected based on practicality and fi tness-for-service 
criteria.
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3
Resistance spot weld performance and weld 
failure modes for dual phase and TRIP steels

M. T U M U L U RU, United States Steel Corporation, USA

Abstract: This chapter discusses the advantages, physical metallurgy and 
methods of production of coated (galvanized and galvannealed) dual 
phase and transformation-induced plasticity (TRIP) steels. Details of the 
resistance spot welding behavior of these two steels are presented. The 
details include the welding current ranges and the weld shear and 
cross-tension strengths. The commonly observed weld failure modes 
in weld tensile tests are presented. Competition between and the 
conditions that promote the two fracture modes are discussed. Finally, 
several recommendations for achieving welds of acceptable quality are 
presented.

Key words: dual phase and TRIP steels, electrode force, full button 
pullout fracture, interfacial fracture, resistance spot welding, welding 
guidelines.

3.1 Introduction

Automotive companies are under pressure to improve the fuel effi ciency 
of their vehicles and to build vehicles from materials that offer improved 
occupant safety over present-day vehicles. For automotive use, materials 
selected must be easily formable, weldable, coatable (for corrosion protec-
tion) and repairable. Two such materials that show promise for fulfi lling all 
these needs are the dual phase and transformation-induced plasticity 
(TRIP) steels. Therefore, it is no surprise that the use of these two steels 
in passenger vehicles is expected to rise from 191 lbs (85 kg) per light 
vehicle in 2009 to 540 lbs (245 kg) per light vehicle by the year 2020 
(Schulz and Abraham, 2009). Dual phase and TRIP steels are considered 

Disclaimer
The material in this paper is intended for general information only. Any use of this mate-
rial in relation to any specifi c application should be based on independent examination 
and verifi cation of its unrestricted availability for such use and a determination of suit-
ability for the application by professionally qualifi ed personnel. No license under any 
United States Steel Corporation patents or other proprietary interest is implied by the 
publication of this paper. Those making use of or relying upon the material assume all 
risks and liability arising from such use or reliance.
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to be advanced high strength steels (AHSS) to distinguish them from the 
conventional high strength steels (HSS). HSS types include high-strength 
low-alloy steels and carbon-manganese steels with tensile strength up to 
440 MPa.

3.1.1 Advantages of dual phase and transformation-
induced plasticity steels

Some of the frequently cited advantages of dual phase and TRIP steels over 
the conventional low strength carbon steels (ultimate tensile strength 
less than 300 MPa) include the following (Engl, 1997; Tumuluru, 
2006a):

• excellent formability owing to high ductility
• higher crash energy absorption, thereby allowing better occupant 

protection
• possibility of using thinner gauges, thereby achieving weight reduction 

in vehicles, leading to better fuel economy
• good weldability, thereby allowing easy fabrication.

The combination of high strength and high elongation that dual phase 
and TRIP steels possess in comparison to other automotive steels can be 
seen in Fig. 3.1.

200 400 600

Ultimate tensile strength (MPa)

TRIPHSLA

Low carbon

T
o
ta

l 
e
lo

n
g
a
ti
o
n
 (

%
)

Dual phase

800 1000 1200
15

20

25

30

35

40

45

3.1 Plot of nominal ultimate tensile strength and total elongation for 
various types of steels used in automotive applications.
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3.1.2 Coating of steels for automotive applications

Two types of coatings are generally applied to steel sheets used in the auto-
motive industry, namely galvanized and galvanneal coatings. Galvanized 
coatings essentially contain pure zinc with about 0.3–0.6 wt% aluminum. 
The term ‘galvanize’ comes from the galvanic protection that zinc provides 
to steel substrate when exposed to a corroding medium. A galvanneal 
coating is obtained by additional heating of the zinc-coated steel between 
450 and 550°C immediately after the steel exits the molten zinc bath. This 
additional heating allows iron from the substrate to diffuse into the coating. 
One of the methods by which the coatings are applied to the steel sheet 
surface is through a process called hot dipping. In this process, continuous 
coils of steel sheet are pulled at a controlled speed through a bath contain-
ing molten zinc. The zinc reacts with the steel and forms a bond.

3.2 Method of production and microstructure 

of steels

The methods of production of coated dual phase and TRIP steels were 
provided by Tumuluru (2006a) and are shown schematically in Fig. 3.2. 
TRIP steel is produced by heating the steel into the intercritical tempera-
ture range for annealing so that dissolution of cementite occurs and forma-
tion of austenite starts. The aim here is to produce a microstructure consisting 
of a mixture of austenite and a matrix of ferrite. Holding time and tempera-
ture determine the proportion of each phase. The annealing temperature 
may range from 770 to 850°C. Then, the steel is cooled to 400°C where the 
cooling is interrupted. This leads to isothermal transformation to low carbon 
bainite and carbon-enriched austenite. The fi nal microstructure consists of 
low carbon bainite and a carbon-enriched austenite in a ductile ferrite 
matrix with some martensite.

The retained austenite transforms to martensite when stress is applied 
during forming. This transformation is diffusionless and gives improved 
ductility. Silicon, aluminum and phosphorus are added to the steel to retard 
cementite formation and help enrich austenite in carbon (De Meyer et al., 
1999). The production of dual phase steel is similar to that of TRIP steel 
except that the steel is alloyed and cooled from the intercritical temperature 
range in such a way as to avoid the formation of bainite. The fi nal micro-
structure consists of ferrite and martensite. The room temperature micro-
structures of both the steels are shown in Fig. 3.3.

3.3 Resistance spot welding behavior

The resistance spot welding behavior of steels is generally described by the 
welding current ranges they exhibit and the weld shear and cross-tension 
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3.2 Schematic illustration of the methods of production for (a) dual 
phase and (b) TRIP steels (Tumuluru, 2006).

strengths. Therefore, to characterize the resistance spot welding behavior 
of these steels, useful current ranges and static weld tensile tests are per-
formed. The useful current range is the difference between the welding 
current required to produce a minimum button size (Imin) and the current 
that causes expulsion of weld metal (Imax). The minimum button diameter 
4 t , where t is the nominal sheet thickness, is generally used in the automo-
tive and steel industries.

The procedure for determining current range is described in detail in 
American Welding Society Specifi cation AWS D8.9M (2002). Peel test 
coupons measuring 140 mm by 50 mm are used in the current range deter-
mination. The coupons overlap by 25 mm and a shunt or anchor weld is 
made on one side of each coupon pair. Test welds are made on the other 
side, 35 mm from the edge. The test welds are peeled open and the button 
sizes are determined using calipers. The current range is useful because it 
provides a range of welding currents over which welds with buttons of 
acceptable size can be produced. Prior to determining the current range, 
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3.2 continued

the electrode tips are conditioned by making 250 welds. Current ranges are 
then found by fi rst determining the lowest welding current that produces 
the minimum acceptable button size. Then, the current is gradually increased 
until weld metal expulsion results.

3.3.1 Effect of electrode force

In resistance welding, heating of the materials to be joined is realized 
through I2Rt, where I is the current used for welding, R is the resistance 
offered to the passage of current and t is the time of passing the current. 
Therefore, the resistance offered by the steel is an important factor that 
controls the weld nugget development. The term R here is a sum of all 
resistances, including the resistance of the two steel sheets being welded, 
the interfacial resistance at the sheet-to-sheet contact, as well as the 
two interfacial resistances at the sheet-to-electrode interfaces. The steel 
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(a)

1000×757-ID-T ——— 0.010 mm

(b)

3.3 Microstructures of (a) dual phase and (b) TRIP steels (Tumuluru, 
2006).

resistivity must be controlled so that excessive heat generation can be pre-
vented. Excessive or uncontrolled heat generation can lead to weld metal 
expulsion.

One way of controling the effect of the higher resistivity of the dual phase 
steels is to use higher electrode force compared to that used for welding of 
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low strength (tensile strength less than 300 MPa), interstitial-free (IF) 
steels. The benefi cial effect of the use of higher electrode force can be seen 
in Fig. 3.4 (Tumuluru, 2006b). As the electrode force was increased from 
2.8 kN to 5.3 kN, the welding current range increased from 0.6 kA to 
1.4 kA. A current range of 1.0 kA is generally regarded as acceptable by 
automotive companies for production use.

It is clear from Fig. 3.4 that a welding force of 3.5 kN is required to obtain 
the 1 kA current range. It is cautioned that, with the use of high force, the 
electrode indentation into the base material should be monitored, because 
higher electrode force causes deeper indentation. Generally, indentation at 
a given force will be greater in low strength steel than in high strength steel. 
As a guideline, the electrode indentation should be less than 25% of the 
base material thickness to avoid the possibility of creating a stress raiser.

3.3.2 Weld shear-tension and cross-tension 
strength determination

The weld tensile strength is determined in order to assess weld load-bearing 
ability. For shear-tension strength determination, 140  mm by 60 mm 
samples are sheared and a single spot weld is made at the center of an 
overlapping section 45 mm long between two samples. For cross-tension 
strength determination, the test coupons used are 150 mm long and 50 mm 
wide. Two coupons are placed at 90° to each other and a spot weld is made 
at the center of the overlapping area. A sketch showing coupon dimensions 
and layout of shear-tension and cross-tension samples is shown in Fig. 3.5.
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3.5 Sketches showing shear-tension (top) and cross-tension test 
(bottom) coupons.

Prior to making the weld test samples, the electrode tips are typically 
stabilized using a procedure described in American Welding Society Speci-
fi cation AWS D8.9M (2002) by making 250 welds on fl at panels. Electrode 
stabilization prepares the electrode faces to stabilize the weld size and 
promotes reproducibility of test results. The stabilization procedure consists 
of adjusting the welding current as needed to maintain a specifi ed or fi xed 
weld size. All shear- and cross-tension test samples are prepared with a 
specifi ed weld size, which is slightly higher than 90% of the electrode face 
diameter used. Weld sizes are generally verifi ed prior to the tensile tests. 
The tensile testing procedure is also outlined in detail in American Welding 
Society Specifi cation AWS D8.9M (2002). Additional details of the testing 
methodology can be found in this specifi cation.

3.3.3 Factors controlling weld strength

Three factors control the weld strength in dual phase and TRIP steels 
(Oikawa et al., 2007). Two of these factors, namely weld size (or nugget 
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diameter) and the sheet thickness, increase weld tensile strength. The fi rst 
of these factors that control the weld strength is the weld size. Figure 3.6 
shows that the weld shear-tension strength increases as the weld size 
increases. The weld size is increased by increasing the welding current. 
However, after a certain maximum weld size is achieved, further increase 
in the welding current results in expulsion of molten weld metal. This occurs 
because the high welding current creates so much melting at the sheet 
interfaces that the amount of molten metal becomes too great to be sup-
ported at the faying surfaces. Weld expulsion is detrimental to the weld 
strength for two reasons. The fi rst reason is that expulsion results in the 
weld size becoming small owing to molten metal being ejected out. The 
second reason is that it can cause gross pores to form at the sheet interfaces 
(faying surfaces) and thereby reduce the load-bearing area of the weld. 
This, in turn, leads to a lower weld strength.

The second factor that controls weld strength is the sheet thickness. As 
the sheet thickness increases, the weld strength increases. As the sheet thick-
ness increases, a higher welding current is required to establish a nugget. 
This necessitates the use of a larger diameter electrode. The use of a higher 
welding current coupled with the use of a larger diameter electrode creates 
a bigger weld. Large diameter welds have higher load-bearing ability.

The third factor that controls weld tensile strength is the base material 
strength. The base material strength has an interesting effect on the weld 

2 3 4 5 6

Weld size (mm)

Cross-tension strength

Shear-tension strength

W
e
ld

 t
e
n
s
ile

 s
tr

e
n
g
th

 (
K

N
)

Minimum weld size

7 8 9
0

5

10

15

20

25

30

35

40

3.6 Plot of weld strength as a function of weld size for hot-dipped 
galvannealed (HDGA) 780 dual phase steel. Open symbols represent 
interfacial fractures and closed ones represent full button pullout 
fractures. Notice that both shear-tension and cross-tension strength 
increase as the weld size (nugget diameter) increases.
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tensile strength. As the base material strength goes up, the weld shear-
tension strength goes up. However, the weld cross-tension strength decreases 
from 590 MPa steel to 780 MPa and 980 MPa steels. Although the reason 
for the decrease in cross-tension strength is not clearly understood, it is 
believed that this may have to do with hardening in the heat affected zone 
which occurs as the base material strength goes up. It should be noted that, 
in order to achieve higher base material strength, more alloying elements 
are used in the base material. The alloying elements cause hardening in the 
heat affected zone from the rapid cooling that occurs in resistance spot 
welds.

3.4 Weld failure modes

The fracture appearance of welds is determined on weld tensile test samples 
after the tensile test. For simplicity, weld tensile test fractures are classifi ed 
here as full button pullout, interfacial fracture or partial interfacial fracture. 
However, several combinations of the three modes can also occur in welds. 
In full button pullout fracture mode, the entire weld nugget pulls out from 
the sheets, with fracture occurring outside the weld area. In interfacial 
fracture, the entire weld fails through the plane of the weld. In partial inter-
facial fracture, part of the weld nugget fails through the plane of the weld 
and a portion of the weld pulls out as a partial button. Both the full button 
pullout and interfacial fracture modes are shown in Fig. 3.7.

To understand the origin and the nature of failure modes, it is helpful to 
understand the events that occur during weld tensile testing. Chao (2003) 

3.7 Photograph showing interfacial fracture mode (left) and full button 
pullout fracture mode (right) in shear-tension test samples.
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provided a summary of the events that occur during shear-tension and 
cross-tension testing in resistance spot welds. It was observed in shear-
tension testing that, as the specimen is pulled by a tensile load, the weld 
nugget experiences a rotation, which causes the weld to align with the 
loading axis. This rotation results in the material surrounding the weld being 
subjected to a predominantly tensile load. Evidence of ductile dimpled 
rupture fracture was found in samples subjected to shear-tension testing 
supporting the observation of tensile loading of the material surrounding 
the weld nugget. In cross-tension testing, as the tensile load is applied 
normal to the weld, the weld is subjected to a bending stress. This bending 
stress results in the weld nugget being pulled out from one of the samples 
and remains with the other. Thus, the failure can be characterized by 
through-thickness shear around the weld nugget. Evidence of tearing was 
found to support the characterization of a shear mechanism causing the 
weld failure. Thus, the shear strength of the base material controls the weld 
strength.

In the evaluation of the shear-tension test results in spot welds, it is gener-
ally believed in the automotive industry that an interfacial shear failure is 
indicative of poor weld integrity. This has generally been true for low 
strength steels (tensile strength equal to or less than 300 MPa) in which 
interfacial failure is normally associated with insuffi cient fusion or some 
sort of a weld imperfection, such as gross porosity. However, it is unclear if 
interfacial fractures in shear-tension tests indicate poor weld integrity in 
AHSS grades. With the increased use of these steels in automotive bodies, 
it is important to understand their fracture behavior in shear-tension tests 
so that welds, which are otherwise sound, are not rejected solely based on 
fracture appearance. Furthermore, an understanding of the fracture behav-
ior may allow the automotive companies to use these steels and enable 
them to take advantage of the benefi ts that these steel grades offer. Rada-
kovic and Tumuluru (2008) performed fi nite element modeling and fracture 
mechanics calculations to predict the resistance spot weld failure mode and 
loads in shear-tension tests of advanced high strength steels (AHSS). They 
then compared the results to those obtained for an interstitial-free (IF) 
steel.

3.4.1 Predicting failure modes in shear-tension testing of 
dual phase and TRIP steels

As mentioned before, in shear-tension testing of resistance spot welds in 
dual phase or TRIP steels, either the full button pullout or the interfacial 
fracture mode of failure can occur. In order to predict which of these two 
modes is more likely to occur in a given grade of steel, it would help to 
develop predictive mathematical equations. For the pullout failure, the 
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results of the fi nite element simulations showed that there were a strong 
correlations between failure load and the material strength, sheet thickness 
and weld diameter. The load causing interfacial failure was found to be 
more strongly dependent on the weld diameter and less on the sheet thick-
ness. The predicted failure loads were found to adhere to the following 
correlations:

FPO = kPO · σUT · d · t [3.1]

FIF = kIF · σUT · d2 [3.2]

where FPO is the failure load for a (button or weld) pullout failure, FIF is the 
failure load for an interfacial fracture, σUT is the tensile strength of the 
material, d is the weld diameter and t is the sheet thickness. The above 
equations were derived, based on the fact that the force required to cause 
failure is equal to the product of the strength of the material and the area 
of the failed cross-section. In this analysis, the material was assumed to be 
homogeneous. Therefore, the strength of the weld and the base metal are 
both assumed equal to σUT. In the above equations kPO and kIF are constants 
determined from the modeling. Experimental data showed that, as pre-
dicted in Equations [3.1] and [3.2] above, the failure loads causing pullout 
were found to be proportional to the weld diameter and the sheet thickness, 
while those for interfacial failure were proportional to the square of the 
weld diameters.

Equations [3.1] and [3.2] are plotted graphically in Fig. 3.8(a) for dual 
phase 590 steel and show the predicted interfacial and pullout failure loads 
as a function of weld diameter. In this plot, the sheet thickness was assumed 
to be 1.5 mm and the sheet tensile strength equal to 590 MPa. A sheet 
thickness of 1.5 mm was chosen because it represented the mid-thickness 
of the normal range of steels (1 to 2 mm) used in automotive bodies. The 
minimum allowable tensile strength of the steel (590 MPa) was used in this 
case. According to the analysis, the lower of the two predicted failure loads, 
either for the button pullout or interfacial fracture, will determine the mode 
of failure that occurs. Thus, the point where the two curves intersect indi-
cates where the failure mode changes. The fi gure shows that, for this sheet 
thickness and strength, interfacial failures were predicted to occur for weld 
diameters below 6 mm and pullout failures for diameters greater than 
6 mm.

Figure 3.8(b) shows a similar plot with the exception that the weld diam-
eter was assumed to be constant at 7 mm and the failure loads are plotted 
as a function of sheet thickness. These results indicate that pullout failures 
are more likely to occur on thinner sheet samples and the mode can change 
to interfacial when the sheet thickness reaches a critical value (for this 
example ~ 1.7 mm). By setting Equations [3.1] and [3.2] equal to each other, 
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3.9 Comparison of actual failure loads to model-predicted failure 
loads in the shear-tension test for samples that failed via full button 
pullout (Radakovic and Tumuluru, 2008).

the ratio of the weld diameter to the sheet thickness is determined to be 
roughly equal to 4. This suggests, for a homogeneous test sample, that 
pullout failures will occur if the weld diameter is greater than four times 
the sheet thickness. Similarly, for a given weld diameter, the sheet thickness 
has to be less than 25% of the weld diameter for pullout to occur.

3.4.2 Comparison of predicted results and actual test data

The model predictions agreed well with the test data for cases where pullout 
failures occurred. This is because the pullout failures were most often initi-
ated in the base metal outside the notch at the perimeter of the weld. A 
comparison of the actual failure loads and model-predicted failure loads 
for samples that failed via pullout is shown in Fig. 3.9.

A comparison of the model results and actual data is shown in Table 3.1. 
The table lists the steel grades, weld diameter, sheet thickness, actual failure 
load and mode, as well as the predicted failure load had pullout failures 
occurred in each case. The fi rst two samples listed failed via button pullout 
and the model-predicted failure loads were in good agreement with the 
actual loads. The next three samples in the table failed via interfacial frac-
ture. For these cases, the model-predicted loads for pullout failure are 
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Table 3.1 Comparison of actual shear-tension test results and model predictions

Material

Sheet
thickness
(mm)

Weld
diameter
(mm)

Actual test
data

Model
predictions Comparison

Failure
modea

Failure
load
(N)

FEM
failure
mode

FEM
failure
load
(N)

Actual as a
percentage of
predicted
pullout loadb (%)

780 DP 1.2 7.5 PO 15 500 PO 15 820 98

780 DP 1.6 8.3 PO 22 900 PO 23 250 98

590 DP 1.0 7.0 IF 9 900 PO 10 340 96

780 DP 1.2 7.5 IF 14 680 PO 15 820 93

780 TRIP 1.6 8.5 IF 22 060 PO 24 330 91

a IF = interfacial fracture, PO = full button pullout fracture. FEM = fi nite element method.
b Ratio of the actual failure load to the model-predicted pullout failure loads.

listed. The interesting result shown here is that, although interfacial fracture 
occurred in the samples, the load carrying capacity of the weld was greater 
than 90% of the predicted failure load if pullout had occurred. This indi-
cates that the load-bearing capacity of these welds was not signifi cantly 
affected by the fracture mode. Therefore, the mode of failure should not be 
the only criteria used to judge the quality of spot welds. The load-bearing 
capacity of the weld should be the primary focus in the evaluation of the 
shear-tension test results in dual phase and TRIP steels.

When comparing the model results to actual test data (Table 3.1), the 
predicted failure loads for the interfacial fractures were less accurate than 
those when the fracture occurred by full button pullout mode. It was theo-
rized that there were two main reasons for the differences. First, the model 
assumed that the sample was homogeneous. In reality, the mechanical prop-
erties of the weld, base metal and different parts of the heat affected zone 
are signifi cantly different. Further, the models did not account for the stress 
intensity at the perimeter of the weld. The model considered that the weld 
would fail when the strength of the weld metal is exceeded at the interface 
of the two sheets. This would more closely represent a shear overload of 
the weld metal rather than a fracture of the weld nugget initiating at the 
notch around the perimeter of the nugget.

A fracture mechanics study by Radaj and Zhang (1991) provided an 
estimate of the stress intensity at the perimeter of the spot weld specifi cally 
for the shear-tension test. Fracture mechanics theory provides a means to 
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Table 3.2 Actual test results and predicted stress intensity at failure

Material

Nominal sheet
thickness
(mm)

Weld
diameter
(mm)

Failure
mode
IF or POa

Failure load
(N)

Stress intensity
(N mm−3/2)

780 DP 1.2 7.0 IF 14 230 1294

590 DP 1.0 6.0 IF 9 790 1126

780 TRIP 1.6 8.5 IF 21 800 1385

780 DP 1.2 7.0 PO 15 520 1411

780 DP 1.6 8.0 PO 22 900 1581

a IF = interfacial fracture, PO = full button pullout fracture.

evaluate the load-bearing ability of materials that have cracks or fl aws. In 
fracture theory, the fi tness for service of a structural member that contains 
a crack is determined by comparing the predicted stress intensity at the 
crack tip to the fracture toughness of the material. Like material properties 
such as tensile strength and elongation, fracture toughness is a material 
property that is determined from testing. Fracture analysis of a cracked 
member (in which stress intensity is compared to fracture toughness) is 
analogous to the analysis of notch-free structural members in which pre-
dicted stresses are compared to the strength of the material. Zhang’s analy-
sis yielded the following relationship for the stress intensity at the perimeter 
of the weld in the shear-tension test:

K
F

d t
eq
ts = ⋅0 694.  [3.3]

In this equation, K ts
eq is the equivalent stress intensity factor at the spot 

weld, F is the applied load, d is the weld diameter and t is the sheet thick-
ness. Some actual test results are shown in Table 3.2. The table lists the steel 
grades, weld dimensions, failure mode, failure load and the calculated stress 
intensity at failure. The stress intensities were calculated using Equation 
[3.3]. The fi rst three samples listed in the table failed via interfacial fracture. 
This suggests that the listed stress intensity at the time of failure is compar-
able to the fracture toughness of the weld. The stress intensities for the 
samples that failed via button pullout are also shown. For these two cases, 
the fracture toughness of the weld was apparently high enough to avoid 
interfacial fracture (i.e. the fracture toughness was greater than the values 
listed for the stress intensity when the pullout failure occurred). The stress 
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intensities for the samples that failed via button pullout are also shown. For 
these two cases, the fracture toughness of the weld was apparently high 
enough to avoid interfacial fracture (i.e. the fracture toughness was greater 
than the values listed for the stress intensity when the pullout failure 
occurred).

In order to obtain an estimate of the load required for interfacial fracture 
in the shear-tension test, the stress intensity in Equation [3.3] was set equal 
to the fracture toughness of the material and the load was solved for. This 
is shown in Equation [3.4], where FIF is the load causing interfacial fracture 
of the weld and KC is the fracture toughness of the material:

F K d tIF C= ⋅ ⋅ ⋅1 44.  [3.4]

The fracture toughness describes the ability of a material to carry load 
in the presence of a fl aw and is determined by testing. Generally, ductile 
materials tend to have high fracture toughness, while the opposite is true 
for brittle materials. Based on the work of Radaj and Zhang (1991), Equa-
tion [3.4] (rather than Equation [3.2]) was thought to represent the param-
eters governing the interfacial fracture mode better. The previously 
determined load causing pullout failure (Equation [3.1]) was, however, 
considered to be appropriate. The predicted relationship for pullout load is 
likely to agree well with the measured data because this failure initiates in 
the form of necking in the base metal near the weld heat-affected zone as 
opposed to at the notch radius around the perimeter of the weld nugget.

Equations [3.1] and [3.4] are plotted graphically in Fig. 3.10. In this plot, 
the weld diameter was assumed to be constant at 8 mm, the tensile strength 
assumed was the minimum allowable for this grade (780 MPa) and the 
failure load is plotted as a function of sheet thickness. The interfacial frac-
ture load is plotted assuming a fracture toughness of 1560 N mm−3/2 (on the 
high end of the range observed for 780 MPa steels) and the pullout failure 
load is plotted for a low strength steel (300 MPa) and a higher strength steel 
(780 MPa). For the curve representing the low strength steel, the predicted 
pullout failure load is less than the interfacial fracture load over this entire 
range of sheet thickness. This indicates that pullout failure will occur in 
every case. For the higher strength sample, the curves for pullout failure 
and interfacial fracture intersect at a sheet thickness of 1.6 mm. This indi-
cates that, for the high strength sheet sample, interfacial fracture will be 
the expected failure mode for sheet thicknesses greater than 1.6 mm.

3.4.3 Key fi ndings from the fi nite element model

In the fi nite element model of Radakovic and Tumuluru (2008), the heat 
affected zone and weld properties were assumed to be equal to the base 
material properties. The model predictions agreed well with the test data 
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3.10 Plot showing the predicted competition between failure by full 
button pullout and interfacial fracture modes in the shear-tension test. 
Kc is the fracture toughness and σUT is the ultimate tensile strength of 
the steel (Radakovic and Tumuluru, 2008).

for cases where pullout failures occurred. This is because the pullout failures 
most often initiated in the base metal outside of the notch at the perimeter 
of the weld. However, when comparing the model results to actual test data, 
the predicted failure loads for the interfacial fractures were less accurate 
than those that failed by pullout mode. For the case of the interfacial failure 
mode, a relationship was found in the literature for estimating the stress 
intensity at the weld notch tip. This relationship was used, along with the 
equation developed for the pullout failure, to defi ne variables that affect 
the failure mode and load for the shear-tension test. The key fi ndings of the 
analyses of shear-tension testing of dual phase and TRIP steels can be sum-
marized as follows:

• For low strength steels (tensile strength less than or equal to 300 MPa), 
a full button pullout occurs even when welds have a poor load-carrying 
capacity because the load required to cause yielding in the base material 
is much lower than that required for yielding to occur in the weld. For 
high strength steels, however, this was not found to be the case. For 
example, for an 8 mm diameter weld, interfacial fracture was predicted 
to occur in the shear-tension test, especially for cases where the sheet 
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thickness was greater than 1.6 mm and weld had superior fracture 
toughness and a high load-carrying capacity.

• There is a critical sheet thickness above which the failure mode is 
expected to move from pullout to interfacial fracture. As the strength 
of the sheet increases, the fracture toughness of the weld required to 
avoid interfacial fractures must also increase. In the higher-strength, 
less-ductile steels, this is not likely to occur and interfacial fracture will 
become the expected failure mode.

• The load-carrying capacity of the samples that failed via interfacial 
fracture was found to be more than 90% of the maximum load associ-
ated with the calculated full button pullout fractures. This indicates that 
the load-bearing capacity of these welds is not signifi cantly affected by 
the fracture mode. Thus, the mode of failure should not be the only 
criterium used to judge the results of the shear-tension test. The load-
carrying capacity of the weld should be considered the most important 
parameter when evaluating the shear-tension test results in dual phase 
and TRIP steels.

3.4.4 Failure modes in cross-tension testing

As mentioned in Section 3.3.2, the specimen orientation and loading direc-
tion for the cross-tension specimen are different from those for the shear-
tension specimen. A study of the effect of fusion zone size on the peak load 
prior to failure, energy absorbed during loading and fracture modes was 
conducted by Sun et al. (2007). Welds that exceeded a certain critical size 
failed in a full button pullout mode. Below the critical size, welds most often 
failed in the interfacial fracture mode. This can be seen in Fig. 3.6. Below 
5.4 mm weld (or fusion zone) size the cross-tension samples failed in the 
interfacial fracture mode. However, at weld sizes greater than 5.4 mm, the 
fractures occurred by full button pullout mode. The energy absorbed and 
the peak load prior to failure showed a higher degree of scatter for the 
interfacial fracture failures compared to those of the full button pullout 
mode failures. At the critical weld size, both interfacial fracture and full 
button pullout failure were observed. Even though both the interfacial and 
full button pullout failure modes offer similar distributions in terms of peak 
load prior to failure, the full button pullout fracture mode offered higher 
energy absorption in tensile tests (Sun et al., 2007).

3.5 Future trends

Future trends can be classifi ed into two areas, namely material trends and 
joining trends. In the case of materials, steels with higher strength and 
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improved ductility are being developed (Kruptizer, 2007). The dual phase 
and TRIP steels discussed in this chapter are considered to be fi rst genera-
tion AHSS. The second generation AHSS include twinning-induced plastic-
ity (TWIP) steels and austenitic stainless steels. Dual phase steels are 
commercially available up to 980 MPa strength level. Work is also being 
conducted to develop and produce commercially dual phase steels with 
strength levels up to 1180 MPa and higher. However, there are several chal-
lenges in material development and these are to keep the steels affordable, 
workable (from a stamping point of view) and weldable.

In the area of joining technologies there have been several advancements 
in joining dual phase and TRIP steels. Most notable of these is the use of 
hybrid laser joining techniques. A hybrid laser welding technique is a com-
bination of a laser welding process (carbon dioxide or Nd: YAG) and an 
arc welding process (gas tungsten arc, gas metal arc, or plasma arc welding 
method) in a hybrid welding head (Bagger and Olsen, 2005). Both the laser 
welding and the arc welding process act simultaneously on the same base 
materials producing a fusion zone. The advantages of hybrid joining tech-
niques include the possibility of high welding speed, deep penetration, low 
distortion and narrow weld seams. Perhaps the greatest advantage includes 
the ability to tolerate large gaps between the sheets to be welded. This 
advantage is particularly attractive in automotive assembly because of the 
large gaps typically seen in automotive body panels. Because the laser 
hybrid weld is a linear weld as opposed to being a spot weld (as in resistance 
spot weld), a hybrid weld provides a stiffer joint than a spot weld. Use of 
the hybrid welding method is expected grow in the coming years.

3.6 Summary

Several considerations are necessary for successful welding of dual phase 
and TRIP steels (WorldAuto Steel, 2009). For example, when welding dual 
phase and TRIP steels it is important to control the high resistance at the 
sheet interface. High resistance at the interface leads to rapid heating during 
welding and, if not controlled effectively, can quickly lead to weld expulsion. 
Because expulsion removes weld metal, the presence of expulsion generally 
lowers the weld size and reduces the strength of the weld. Therefore, weld 
expulsion should be avoided. One way to accomplish this is to use a higher 
electrode force. The selection of welding force depends upon the thickness 
of the sheets being welded. As a general rule of thumb, a 20% higher elec-
trode force than that used for low strength steel (tensile strength less than 
300 MPa) of similar thickness should be used for dual phase and TRIP 
steels if the nominal tensile strength of the steels exceeds 780 MPa.

Owing to the use of higher electrode force and higher welding currents 
to weld dual phase and TRIP steels, it is essential to maintain proper elec-
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trode cooling. Electrode cooling water fl ow rate through both the tips 
should be 4 l min−1 or higher. Another helpful suggestion to weld dual phase 
and TRIP steels successfully is to use larger diameter electrode tips than 
that those used for welding low strength steels. Larger diameter tips have 
a higher current carrying capacity and provide for lower current density. 
These two factors help achieve larger weld sizes.

Several studies have shown the importance of achieving a larger weld 
size in dual phase and TRIP steels (Radakovic and Tumuluru, 2008; Sun et 
al., 2007). Larger welds have higher load-bearing ability and tend to pull 
out during tensile loading. Full button pullout fracture mode provides 
higher energy absorption compared to the interfacial fracture mode.

Resistance welding depends on the interfacial resistance between two 
sheets. Good and consistent fi t-up is important in all resistance welding. 
Fit-up is even more critical in the welding of AHSS owing to increased yield 
strength and greater spring back. The larger electrode tip size will have a 
larger current range, which might compensate for the poor part fi t-up. Also, 
progressively higher electrode force with thicker gauges of steel and gradual 
increase in welding current (referred to as ‘current upslope’) can be used 
to solve poor part fi t-up.
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4
Fatigue behavior of spot welded joints in 

steel sheets

S. K. K H A N NA, University of Missouri, USA, and 
X. L O N G, Center for Reliable Energy Systems, USA

Abstract: Fatigue loading of spot welded joints is one of the most 
important factors affecting the durability of the structure containing 
such joints. This chapter summarizes recent and classical studies on 
fatigue behavior of spot welded joints primarily in steel sheets. The 
studies presented pertain to fatigue testing, fatigue life modeling and 
prediction, and fatigue-related fracture. Fatigue testing and life and 
failure mechanisms of spot welded joints are reported for most modern 
steels such as mild steel, high strength low alloy steels, dual phase steels, 
transformation-induced plasticity steels, recovery annealed steels and 
martensitic steels. The effect of fatigue test coupon types and loading 
conditions are also discussed. Various numerical models for fatigue life 
prediction, such as nominal stress approach, structural (hot spot) stress 
approach, equivalent structural stress approach, fracture mechanics 
(crack propagation) approach and local notch stress/strain approach are 
reviewed. The effect of residual stress and random loading is discussed. 
The need for future development of spot welded joints/structures 
analysis and testing is addressed.

Key words: fatigue assessment, fatigue fracture, fatigue life prediction, 
fatigue testing, random fatigue, steel spot welds.

4.1 Introduction

Spot welding is a popular joining method in thin-sheet metal manufactur-
ing, especially in the automotive industry. Although some other fusion 
welding methods, such as laser beam welding and gas metal arc welding, as 
well as non-thermal joining approaches, such as riveting, bolting and adhe-
sive bonding, are being used in automotive manufacturing nowadays, spot 
welding still remains the most important joining method owing to its low 
cost and high robustness. Typically, a car body contains a few thousand spot 
welds. Therefore, the mechanical strength and long-term performance of 
these spot welds signifi cantly affect the safety and reliability of an automo-
bile structure.

A schematic spot welding setup is shown in Fig. 4.1. Application of the 
appropriate squeezing force results in the formation of a contact interface 
between the two work pieces or sheets (pre-squeezing cycle). Then a high 
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electric current is passed, which generates localized melting of the metal 
sheets between the electrodes (welding cycle). When the electric current is 
turned off, molten metal cools down and solidifi es under the pressure of 
the electrodes, along with water cooling, leading to the formation of a spot 
weld nugget (holding and cooling cycle). The electrodes are then retracted 
and the welded joint is allowed to cool down naturally. This method of spot 
weld fabrication is generally known as the automated method. The spot 
weld created has an indented surface caused by the pressure applied through 
the electrodes. A circumferential notch is also created when a spot weld 
forms between the two metal sheets.1

Further, when the welded region cools down, residual stresses are gener-
ated owing to the rapid-cooling induced local heterogeneous thermal gradi-
ent, heterogeneous thermoplastic deformation (straining) and some phase 
transformation induced by plastic deformation (i.e. phase transformation-
induced deformation). The complex welded joint shape in conjunction with 
the residual stress state produces a multiaxial stress state in the weld even 
if subjected to a uniaxial in-plane loading. Thus, the spot welding process 
involves a complex coupling between thermal, electrical, physical and 
chemical processes, which makes it diffi cult to model accurately.

Generally, all the mechanical components in the structure, such as an 
automobile or a railroad car, experience cyclic or fatigue loading. It has 

Nugget

Electric Current

Z
Squeezing force

Cooling water

Electrode

Work piece

r

Faying surface
HAZ

4.1 Schematic of spot welding (HAZ is the heat affected zone).
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been observed that the unique state of stress in and around a spot weld 
typically causes about 80% of the failures in an automobile to occur around 
the spot welds and only about 5% failures occur in the sheet metal away 
from the welds.2,3 This reality makes the understanding of fatigue failure, its 
prevention and reliable analytical modeling, experimental assessment and 
validation of numerical models, the primary requirement for reliable design 
of spot-welded structures. Study of fatigue failures in spot welds is an active 
area of investigation as is borne out by many publications listed in this 
chapter.

Fatigue failure of a spot weld is typically assessed experimentally through 
the use of several different types of specimens, as shown in Fig. 4.2. Among 
these specimens the single face tensile shear specimen and the coach peel 
specimen are the most commonly used. In addition there are other speci-
mens, such as the modifi ed tensile shear, H-Peel, H-shear and double fl ange 
shear specimens.4,5

The typical dimensions of the more commonly used single face tensile 
shear and coach peel specimen are shown in Fig. 4.3.

The types of fatigue failure observed in spot welded sheets are shown in 
Fig. 4.4.

4.2 Experimental study of fatigue behavior of 

spot welds

The quality of spot welds depends on a host of factors, such as parent 
sheet material composition and its temperature-dependent physical and 

(a) (b) (c) (d) (e) (f) (g)

4.2 Spot welded specimens: (a) single face tensile shear specimen, 
(b) two spot tensile shear specimen, (c) double face tensile shear 
specimen, (d) through tension specimen, (e) cross tension specimen in 
cross shape, (f) peel specimen as double angle specimen or coach 
peel specimen and (g) peel tension specimen as angle to plate variant.
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4.3 Dimensions of (a) tensile shear and (b) coach peel spot-welded 
specimens.

RB

(Round button)

OB

(Oval button)

HB

(Hollow button)

CB

(Crescent button)

OB

(Regular button)

DB

(Double button)

PIF

(Partial interfacial fracture)

FIF

(Full interfacial fracture)

Weld nuggetWeld nugget

Weld button

Interfacial fractureInterfacial fracture

NF

(No fusion)

Unfused area

4.4 Fracture or pull-out mode in spot-welded sheets.
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mechanical properties, welding parameters including welding current, elec-
trode force, electrode movement as a function of time, squeezing, welding 
and holding cycle times, contact resistance, electrical and mechanical char-
acteristics of the welding machine, and so on. Owing to the large number 
of factors affecting the quality of a spot weld in terms of its nugget size, 
weld penetration, weld indentation, microstructure and hardness in the heat 
affected zone and fusion zone (nugget), as well as the internal weld stress 
state, it is often diffi cult to model accurately the stress state in the weld 
under different loading conditions and the subsequent fatigue failure modes 
and durability of the weld.6–9 Hence it is imperative to perform suffi cient 
experimental tests in conjunction with numerical modeling to generate 
static and fatigue data for reliable design of spot welded structures. Static 
mechanical properties of spot welded joints10–23 and numerical models pre-
dicting the stress state and deformation behavior under static loading of 
spot welds have been extensively studied. Details can be found in the refer-
ences provided and will not be further elaborated in this chapter.

Several experimental investigations24–32 have been conducted to develop 
fatigue design data for spot welded sheet steel structures. One of the most 
comprehensive reports on these efforts is given by Bonnen et al.,3 the result 
of a combination of several independent investigations at the University of 
Missouri at Columbia, Westmoreland Mechanical Testing & Research Lab, 
Mittal Steel, the University of Michigan at Dearborn, Ford Motor Company, 
Daimler-Chrysler Corporation and General Motors Corporation. Cur-
rently, the most used steels in automotive structures are mild steel (IF, 
CQSK, DQSK), high strength low alloy steels (HSLA), dual phase steels 
(DP), transformation-induced plasticity steels (TRIP), recovery annealed 
(RA) steels and martensitic steels (MS). Boron steels are ultra high strength 
steels and are also being actively researched and beginning to be used in 
automobile body frames. Variations in the carbon and manganese content, 
along with the mechanical properties of yield strength and ultimate strength, 
of all the above-mentioned steels are provided in Table 4.1.

The fatigue test results under constant amplitude sinusoidal loading are 
shown in Fig. 4.5.3 All samples used nominally 1.60 mm steel sheets accept 
for HSLA340 and Boron with 1.78 mm thickness, CQSK with 1.74 mm and 
RA830 with 1.39 mm thickness.

The above displayed results indicate that the base metal strength has no 
infl uence on the fatigue behavior of the spot weld as all the tensile shear 
data fall within a narrow band with little scatter.33 The coach peel data show 
greater scatter, which is normally expected from such specimens as the 
moment arm becomes smaller with increasing load. The thickness of the 
sheets does affect the fatigue performance, which increases with increasing 
thickness. It may be noted that HSLA340 spot welds exhibit the highest 
fatigue performance in both the tensile shear and coach peel bands of the 
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4.5 Fatigue life of various spot welded steel sheets. Average nugget 
diameter is 7 mm. Labels ending in 0.1 and 0.3 indicate R = 0.1 and R 
= 0.3, respectively.

fatigue data. Lastly, there is a minimal effect of the mean stress (through 
the R-ratio) on fatigue life. The effect of the width of the specimens made 
from high strength steels was investigated by Long and Khanna.24 Fatigue 
tests were conducted with wide tensile shear samples of 125 mm width 
compared to the conventional width of 39 mm for DP600 and HSLA340 
materials and no difference was found in the fatigue performance.

4.3 Micro-hardness measurements in spot welds

Hardness is the property of a metal which gives it the ability to resist being 
permanently deformed when a load is applied. For materials with inhomo-
geneity, fi ne microstructure and multiple phases, macro-hardness measure-
ments will typically result in high variability and will not be able to identify 
individual phase features. This is where micro-hardness measurements are 
most appropriate. Micro-hardness is generally determined by forcing an 
indenter such as a Vickers or Knoop indenter into the surface of the mate-
rial under low loads of 15 to 1000 gf (0.147 to 9.806 N).34 The micro-inden-
tations are so small that they must be measured with a microscope. These 
tests are capable of determining the hardness of different micro-constitu-
ents within a structure or of measuring steep hardness gradients such as 
those encountered in welds.
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Micro-hardness tests were conducted along the centerline on a plane at 
half thickness of a spot-weld for each of the materials using a Vickers pyra-
midal indenter at a load of 300 g. Figure 4.6 shows the micro-hardness 
variation for the materials examined, with a distance from 0 to 3.5 mm 
representing the weld nugget, 3.5 mm to about 4.2 mm the heat affected 
zone (HAZ) and beyond 4.5 mm the base metal. It can be seen from Fig. 
4.6 that the DP600 GI spot weld has the highest hardness of about 420 HV 
in the weld nugget and 250 HV in the base metal, followed by TRIP600 
with about 400 HV in the weld nugget and 220 HV in the base metal and 
HSLA340Y GI has a hardness of 320 HV in the weld nugget and 160 HV 
in the base metal. It has been observed that DP600 GI shows some soften-
ing during high load and low cycle fatigue tests, while HSLA340Y GI 
samples showed more signifi cant softening in the spot nugget and in the 
HAZ region. This behavior is similar to that reported in a previous study.35,36 
The low load and high cycle tests for all three materials did not show any 
signifi cant softening or hardening effect.

Figure 4.7 shows the micro-hardness changes in a CQSK steel spot weld 
when subjected to fatigue loading. High cycle fatigue produces strain soft-
ening, but the results from low and medium cycle fatigue loading do not 
show any defi nite trend in softening or hardening behavior based on the 
limited tests conducted thus far.

Figure 4.8 shows the micro-hardness changes in a boron steel spot weld 
when subjected to fatigue loading. In general, fatigue loading tends to 
produce a small strain softening effect in boron steel spot welds.

4.4 Fracture modes and microstructure in spot welds

Spot welding of a pair of steel sheets results in a nugget formation that has 
a microstructure consisting of the weld nugget and a heat affected zone 
(HAZ), as shown in Fig. 4.9.

Two primary modes of failure in spot welds are weld button pull-out and 
interfacial fracture. The factors infl uencing weld failure modes are: type of 
loading condition, that is shear or tensile, stiffness of the weldment area and 
the loading rate. The loading mode and stiffness of the weldment affect the 
magnitudes of shear and tensile loading components on the weld. Interfa-
cial fracture can occur if the shear loading component is high or if the weld’s 
shear strength is low, or both. Tensile-shear and twisting loads tend to 
produce interfacial fracture compared to peel or cross-tension loading. The 
alloy content of the steel and the resulting microstructure of the weld 
nugget and HAZ and weld defects such as shrinkage voids can also make 
a major contribution to interfacial fracture. Geometric considerations such 
as sheet thickness and displacement constraint can also infl uence interfacial 
fracture. For example, tensile shear loading of a thick sheet specimen or 
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4.6 Micro-hardness variation in the half-thickness plane of (a) DP600 
GI, (b) TRIP600 and (c) HSLA340Y GI spot-welded samples as a 
function of number of cycles to fatigue failure.
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4.8 Micro-hardness variation in the half-thickness plane of the nugget, 
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600 µm

4.9 Cross-sectional view of the microstructure in a typical spot-weld, 
only half of the weld-nugget is shown for clarity.

thinner very high strength steel specimen would result in a high stiffness 
specimen, which when loaded in tensile shear will cause a large shear com-
ponent in the weld and thus interfacial fracture may result. Conversely, in 
a weldment with low stiffness, a relatively larger rotation will result in a 
weld button pull-out if the weld’s tensile strength is low. A high rate of 
loading may produce interfacial fracture in a spot weld that might otherwise 
fail in the button pull-out mode under quasi-static or low frequency fatigue 
loading. A typical interfacial fracture and button pull-out mode in a spot 
weld specimen is shown in Fig. 4.10.

In advanced high strength steels (AHSS), the force required to produce 
a complete weld button pull-out failure has been found to be proportional 
to the tensile strength and thickness of the base metal sheet, and the diam-
eter of the weld. The force producing an interfacial weld fracture was 
related to the fracture toughness of the weld, sheet thickness and weld 

(a) (b)

4.10 (a) An interfacial fracture and (b) button pull-out failure mode in 
a spot weld.
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4.11 Fatigue cracking behavior with respect to the microstructure of 
spot welds in various steels: (a) DP600, (b) Boron, (c) HSLA, (d) CQSK, 
(e) TRIP.

diameter.37 In high strength steels, there is a critical sheet thickness above 
which the expected failure mode could make the transition from pullout to 
interfacial fracture. In addition, as the strength of the steel increases, the 
fracture toughness of the weld required to avoid interfacial fracture must 
also increase.

Microstructures and fatigue crack surface morphologies for several steel 
spot welds are shown in Fig. 4.11. It has been found that, at high load, a 
fatigue crack in tensile shear specimens tends to propagate along the faying 
surface (work pieces interface), into the weld nugget for a short distance 
and then propagates perpendicular to the interface to the sheet outer 
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surface leading to a complete fracture, as shown in Fig. 4.11(a) and (b) for 
DP600 and Boron, respectively. While under low load, the fatigue crack 
propagates directly perpendicular to the faying interface from the heat 
affected zone (HAZ) until complete fracture, as shown in Fig. 4.11(c) and 
(d) for HSLA and CQSK, respectively. However, in the case of TRIP tensile 
shear specimens, it was found that a ‘tongue’ formed at the faying surface 
around the spot nugget as shown in Fig. 4.11(e). This tongue forms owing 
to the use of high current intensity and high squeeze force during welding 
of TRIP steels and is usually the location for initiation of a fatigue crack.26

4.5 Random loading fatigue test in spot welds

Even though in real life automobiles are subjected to variable amplitude 
or random fatigue loading, most of the testing is conducted under constant 
amplitude. Variable amplitude fatigue of spot welds has been studied by a 
few researchers.38–42 Results from a variable amplitude fatigue testing 
regimen of tensile shear and coach peel samples made from various steel 
sheets was conducted by the authors. The base history selected for random 
load fatigue testing was the bending channel of the SAE grapple-skidder 
history (available at http://fde.uwaterloo.ca/Fde/Loads/Skidder/skidder.
html). The history was mean shifted to bring the lowest load to 0 N and the 
maximum peak was scaled to 1000 N. The unedited history contains 198 886 
reversals (a reversal is a single load peak or valley), as shown in Fig. 4.12, 
and to facilitate completion of testing in a reasonable time, all load excur-
sions less than one-quarter of the fatigue limit were removed, resulting in 
a history containing 7744 reversals for tensile shear and 10 958 reversals for 
coach peel. Figure 4.13 shows the shorter of the two histories for tensile 
shear samples; the longer history for coach peel samples has the same 
appearance.
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4.12 Part of the random loading history.
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4.13 Condensed fatigue history for tensile shear samples.

Table 4.2 Spectrum loading fatigue tests for DP600 GI and HSLA340Y GI samples 

Specimen
type Scale

Cycles to failure

DP600 GI HSLA340Y GI Boron Bare CQSK IF-GI

Tensile shear X11 187 158 296 909 472 972 210 524

195 489 328 110 462 839 234 197

X12 26 343

12 421

X6 1 591 074 3 443 103 2 248 819 2 278 317 1 001 077
2 035 769 3 500 000 

(run out)
2 276 131 1 535 704 875 704

Coach peel X1.8 184 087 397 935 142 864 298 567 unavailable
295 268 464 585 65 154 259 494

X1.0 1 883 017 1 930 433 3 253 845 827 249 2 881 954
2 636 914 2 285 532 2 229 526 1 001 339 2 772 374

Random loading fatigue test results are shown in Table 4.2. It can be seen 
that DP600 GI has a much lower fatigue strength compared to HSLA340Y 
GI and Boron steel for tensile-shear specimens and a comparable life for 
coach peel specimens. However, for coach peel samples, HSLA alloy shows 
the best fatigue performance. The fatigue response of spot welds under 
random loading is different from the results obtained with constant ampli-
tude load fatigue tests, in which DP600 GI and HSLA340Y GI have very 
similar fatigue strengths. Thus spot welded steel joints have a different 
response to the load interaction and sequence effects during random 
loading, which cannot be described by the Miner linear damage rule.24,43 
This indicates that the fatigue failure mechanism under random loading is 
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different from that under constant amplitude loading for spot welded joints. 
McMahon et al.44 found that spot welded low carbon and high strength steel 
joints have shorter crack initiation cycles under variable amplitude (random) 
fatigue loading than under constant amplitude loading.

4.6 Effect of residual stress on fatigue behavior of 

spot welded joints

Residual stresses are defi ned as self-equilibrating stresses existing in mate-
rials under uniform temperature conditions without external loading. Being 
self-equilibrating, residual stresses produce zero resultant force and resul-
tant moment. Residual stresses can be generated during manufacturing 
processes, such as machining, forming, heat-treating, surface coating and 
welding. Welding-induced residual stresses are generated by non-uniform 
cooling, inhomogeneity and non-simultaneous phase transformations and 
elastoplastic deformation gradients.

It is important to characterize the residual stress state in a spot weld as 
it can affect the operating performance both favorably and adversely. For 
example, it is well known that, in general, compressive residual stress has 
a benefi cial effect on the fatigue life, crack propagation and stress corrosion 
of materials, whereas tensile residual stress reduces their performance. In 
the context of spot welds, it is not unambiguously clear how the residual 
stress affects the durability of spot welded joints under constant amplitude 
and random fatigue loading, especially when more and more new steels 
(such as high strength and advanced high strength steels) with thinner thick-
ness are being used in the automotive industries and other industries; spot 
welding is a low cost and rapidly automated manufacturing process, which 
makes it cost-prohibitive to implement additional processes to modify the 
residual stress states in the spot welds.

Several studies have investigated the effect of residual stress on the 
fatigue life of spot welded joints, as has been reviewed by Khanna and 
Long.45 Lawrence et al.46 performed a series of fatigue tests on spot welded 
low-carbon and HSLA steel joints. They tried to improve the fatigue prop-
erties of spot welded joints by controlling the residual stress, weld geometry, 
increasing base metal strength and steel sheet surface condition. They 
observed that tensile shear spot welded specimens show signifi cant fatigue 
strength improvement by treatments which either reduce the tensile resid-
ual stress or induce compressed residual stress. The improvement through 
modifi cation of weld geometry was smaller than that obtained by residual 
stress control.

The state of surface condition (bare or galvanized) was found to have 
little infl uence on the fatigue strength. The methods used to control residual 
stress included control of welding conditions (such as using non-circular 
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cross-section electrodes to generate elliptical weld nugget, adding temper 
welding cycle or changing current slope, introducing forging force after 
welding, etc.), using post-weld treatment (such as pre-load specimens up to 
75% of their tensile strength before fatigue testing) and using different 
coining (squeezing) treatments, hydrostatic coining and hydrodynamic 
coining, in which a large compressive force was applied to the electrode 
impression of the spot weld.

The residual stress was measured using an X-ray method in as-welded 
and post-weld treated welds. It was found that the pre-loading treatment 
can remarkably improve fatigue strength of spot welded joint by producing 
very large compressive residual stress at the site of crack initiation (outside 
of nugget area); the improvement is more pronounced for the higher 
strength steels and under low amplitude fatigue loading. The effect of 
coining treatment were even more signifi cant than that of pre-loading 
method. It was determined that a higher coining force produces more 
improvement in the fatigue life of specimens and that a fl at punch tip is not 
as effective as curved punch tips. They also found that the elliptical nugget 
spot welds did not show a longer fatigue life than the circular nugget spot 
welds that have the same cross-sectional area. Changing the weld current 
slope and adding a temper cycle did not cause a noticeable improvement 
in fatigue life. The addition of a forging force immediately after the welding 
cycle increased the fatigue life of HSLA welds by about 40%, while apply-
ing a forge force after the nugget cools down only showed a small effect. A 
fatigue life prediction model of a spot welded joint based on experimental 
observation was also created in their study, which considered the effect of 
residual stress.

Anastassiou et al.47 found that residual stress in the spot welded joint 
increases with the thermal cycle intensity, but expulsion and post-heating 
reduces residual stress. They also found that residual stress affects the 
fatigue strength of the joint in a high cycle fatigue regime of around 107 
cycles (or at low fatigue load). The fatigue strength of a spot weld made 
above the expulsion limit exhibited a higher fatigue strength compared to 
those without expulsion. However, Anastassiou et al. found that the post-
heating cycle does not improve fatigue strength because, even though the 
post-heating cycle decreases the residual stress level, it decreases the ulti-
mate strength of the material at the same time. In addition, they found that 
the weld geometry (spot nugget edge notch radius) has a more signifi cant 
effect on fatigue strength than residual stress under high fatigue life (107 
cycles), which is believed to be due to the high stress concentration in 
the circumferential notch in the joint produced by different welding 
conditions.

Spitsen et al.48 performed post-weld cold working (similar to coining) on 
a low carbon steel spot welded joint using a special shaped indenter after 
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welding to produce benefi cial residual stresses. They found that cold working 
increases the fatigue strength of low carbon steel spot welded joint by about 
67% under high cycle (4 × 106) fatigue, with no effect on the static tensile 
shear strength of the joint. Chang et al.49 also investigated the effect of 
forging applied immediately after the welding cycle on the residual stress 
distribution in spot welded aluminum alloy sheets. Finite element analysis 
was used to determine the residual stress distribution with and without 
forging treatment. They suggested that forging signifi cantly reduces the 
residual stress in the HAZ area but no noticeable reduction could be found 
in the spot nugget edge area. Fatigue tests were carried out and showed 
that fatigue strength of spot welded aluminum alloys improved and the 
crack always initiated in the nugget edge area, compared to initiation at 
both the nugget edge and HAZ area for the unforged welded specimens.

Bae et al.50 used a three-dimensional non-linear fi nite element model to 
simulate residual stress distribution in spot welded cold-rolled steel sheets. 
The simulated results were compared with stresses measured using X-rays 
and good agreement was found. This three-dimensional (3D) specimen 
model was then used to conduct stress analysis of a tensile shear spot 
welded joint under fatigue loading. Once the stress distribution in the joint 
was determined, a fatigue strength assessment approach that considered the 
residual stress was also proposed. In this approach, Goodman’s equation 
was modifi ed by adding residual stress as shown in Equation [4.1]:

σ
σ σ

α− = −
+{ }res e

mean res

ut

S
S

1  [4.1]

where σa-res is the stress amplitude that considers residual stress and σres is 
welding residual stress at the edge of the weld nugget, Se is the fully reversed 
fatigue strength, σmean is the mean stress, and Sut is the material’s ultimate 
strength. Then a σa-res versus Nf curve, where Nf is the total fatigue life, was 
used to substitute the conventional σa versus Nf curve for spot welded 
sample fatigue assessment, which showed good agreement with the experi-
mental results. This model showed that the fatigue strength of spot welds 
with consideration of residual stress is about 25% lower than those without 
consideration of residual stress.

Yang et al.51 used a three-dimensional thermal elastic–plastic fi nite 
element model (not a fully coupled electrical–thermal–metallurgical–
mechanical model) to determine residual stress in a spot weld and to obtain 
the multiaxial stress state in the weld under applied fatigue load. Corre-
sponding to this mutiaxial stress state, an equivalent uniaxial stress SN was 
obtained using Sine’s method as shown in Equation [4.2]:
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where σ1, σ2, σ3 are alternating stresses, σm1, σm2, σm3 are mean stresses, m is 
the coeffi cient of mean stress infl uence, K is the fatigue notch factor and SN 
is the uniaxial fully reversed fatigue stress that is expected to give the same 
life as the multiaxial stress state for smooth specimens. Alternating stress 
and mean stress can be obtained by fi nite element analysis. Then the fatigue 
life can be estimated through the fatigue S–N curve under uniaxial loading 
for smooth mild steel specimens:52

S = 10CNb for 103 < N < 106 [4.3]

where S is the alternative stress, N is the number of cycles to failure and 
the material constants C and b can be determined by empirical equations.51 
A good agreement between experimentally obtained fatigue life and esti-
mated fatigue life of a spot-welded joint with consideration of residual 
stress was reached. This model also shows a signifi cant fatigue life improve-
ment if the residual stress is not present in the spot-welded joint. The 
authors also suggested that the fatigue failure location is the heat affected 
zone (HAZ) because the highest tensile residual stress occurs in this region. 
But the authors did not specify the failure location difference between high 
cycle fatigue and low cycle fatigue.

Khanna et al.53 have determined the residual stress variation in steel spot 
welds using the moiré interferometric method and hole drilling by develop-
ing the optical equivalent of a three-element strain gauge rosette. The 
displacement fi eld near the edge of the blind hole was measured in the x-, 
y- and 45°-directions using the corresponding moiré fringe patterns and the 
biaxial residual stress fi eld was calculated. They measured residual stress 
state in several different spot weld confi gurations such as single face tensile 
shear, double face tensile shear and through tension specimens. The residual 
stress distributions measured using the optical method agree with other 
experimental and modeling studies. In general, the residual stress is tensile 
in the spot nugget and a maximum at the center and rapidly decreases 
towards the edge of the nugget. The residual stress outside the nugget was 
not measured in this study. They also found that, under low cycle fatigue 
loading with the fatigue tests being stopped after 10 000 cycles, the residual 
stress redistributed by signifi cantly decreasing at the nugget center and 
increasing at the nugget edge area, as shown in Table 4.3.

It should be noted that residual stress is not the only factor that affects 
the fatigue strength of a spot-welded joint; other factors, such as weld 
geometry and materials properties are also important. For example, it is 
interesting to note that increasing the base metal strength does not improve 
the fatigue strength.46,47 For instance, spot-welded high strength low alloy 
(HSLA) steels and advanced high strength steels (AHSS) do not exhibit 
higher fatigue strengths than those of normal mild steel. One reason is that 
the increase in strength is offset by the higher tensile residual stress in the 

�� �� �� �� ��



 Fatigue behavior of spot welded joints in steel sheets 83

© Woodhead Publishing Limited, 2010

Table 4.3 Residual stress in spot welds and the effect of fatigue loading

Specimen
type

Loading
conditions

Principal residual
stress at weld center

Principal residual
stress at weld edge

σ1 (MPa) σ2 (MPa) σ1 (MPa) σ2 (MPa)

SFTS None
(as welded)

237
(215–255)

165
(130–200)

75
(61–82)

45
(40–51)

SFTS 10 000 cycles
1 200/155 N

163
(157–169)

85
(61–109)

Through 
tension

10 000 cycles
2 070/245 N

143
(111–173)

40
(33–46)

183
(166–201)

102
(98–106)

DFTS None
(as welded)

242
(236–247)

122
(78–165)

69
(69–88)

23
(9–36)

DFTS 1 000 cycles
4 450/465 N

170
(154–200)

84
(48–108)

141
(105–178)

51
(30–72)

SFTS: single face tensile shear spot weld specimen.
DFTS: double face tensile shear spot weld specimen.
Numbers in parentheses represent the range of residual stress valves for different 
specimens.

joint. In addition, none of the above-mentioned studies relate the micro-
scopic deformation mechanisms in the spot weld to various fatigue loading 
conditions which could affect the residual stress state.

The exact mechanism for redistribution of the residual stress state in a 
spot weld under fatigue loading is not yet well understood. It can be specu-
lated that a combination of the external loading (magnitude and number 
of fatigue cycles), stress concentration at the notch around the weld nugget, 
plastic fl ow and the movement of dislocations from the center of the weld 
to the edge of the welded zone will contribute to the observed residual 
stress state and the fracture behavior. A preliminary study by Long and 
Khanna25,26 has found that, after being subjected to high fatigue loads, the 
dislocation density in the spot nugget edge is much higher than that in 
nugget center area, which indicates that signifi cant plastic deformation 
occurred at the edge of spot nugget during fatigue testing as shown in Figs 
4.14 and 4.15. Under low fatigue load, dislocation density is quite low in 
both the edge and center area of a spot nugget.

Some studies3,4 suggest that residual stress does not affect the fatigue life, 
based on the assumption that the presence of residual stress is equivalent 
to a mean stress effect. This conclusion is based on the experimental obser-
vations that varying the R-ratio from low (R = 0.1) to higher values (R = 
0.3) does not produce any changes in the fatigue life and the R-ratio is a 
measure of the mean stress. Thus, the issue of how to model the effect of 
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4.14 Microstructure and dislocation structure at the edge of (a) an 
as-welded spot weld specimen and (b) a spot weld specimen after 
1000 cycles of fatigue loading with a maximum load of 3.3 kN and a 
load ratio R = 0.1.

4.15 Microstructure and dislocation structure at the center of (a) an 
as-welded spot weld specimen and (b) a spot weld specimen after 
1000 cycles of fatigue loading with a maximum load of 3.3 kN and a 
load ratio R = 0.1.

residual stress state on spot weld fatigue life still needs further investigation 
and clarifi cation.

4.7 Models for fatigue life prediction of spot 

welded joints

Various analytical and numerical fatigue life prediction models have been 
proposed in the literature. The analytical methods are the stress–life method, 
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strain–life method or the fracture mechanics method. The stress-based 
approaches are based on the assumption that the elastic stress state controls 
the fatigue behavior and it is generally an accurate representation of high 
cycle fatigue, while it is not accurate for low cycle fatigue applications. These 
typically involve phenomenological relations between stress amplitude, 
mean stress, mechanical properties such as ultimate strength and yield 
strength, and fully reversed fatigue strength. Several existing models are the 
modifi ed Goodman, Gerber, Soderberg, Morrow and ASME-elliptic.54–56 If 
the structure is subjected to loading conditions resulting in multiaxial stress 
states, equivalent uniaxial alternating and mean stresses can be used in 
fatigue calculations for proportional loading cases. For non-proportional 
loading cases, more sophisticated numerical methods should be used, such 
as the critical plane method.

The strain–life approach considers the plastic deformation that may 
occur during fatigue loading. This method accounts for localized yielding, 
which is often the case in metal components displaying low cycle fatigue 
(that is a relatively short fatigue life). The stress–life approach utilizes 
average or nominal stresses, while the strain–life approach uses local stresses 
and strains. Some of the common strain-based approaches are the Coffi n–
Mason relationship, Morrow’s mean stress approach and the Smith, Watson 
and Topper Parameter.55–57 Neither of these two approaches includes analy-
sis of crack growth, while the fracture mechanics approach does through 
formulations such as the Paris law, Walker equation and Forman 
equation.

The above-mentioned stress–life and strain–life approaches have been 
applied to spot weld fatigue.4 Ertas et al.4 found better correlation with 
experimental data using the strain–life approach compared to the stress–life 
approach, which was overly conservative. It is believed that the stress–life 
approach is not a good representation since it does not account for localized 
plastic deformation in the circumferential notch region. Among the strain–
life approaches, the Coffi n–Mason model captured the fatigue life trend 
better than the Morrow mean stress model. This difference could contribute 
to the fact that the Coffi n–Mason approach does not take into account the 
mean stress, while the Morrow approach does account for the mean stress. 
Hence Ertas et al.4 concluded that the mean stress effects in spot weld 
fatigue, for example caused by residual stress or external loading, are not 
important.

Bonnen et al.3 evaluated the performance of fi ve fatigue damage param-
eters in the context of large fatigue data sets consisting of hundreds of tests. 
One parameter by Swellam57 is based on a fracture mechanics approach, 
while the other four by Rupp et al.,58 Sheppard,59 Dong60 and Kang61 are 
based on a structural stress approach. One of the evaluation methods used 
by Bonnen et al.3 is to estimate the specimen life using the parameter and 
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compare the estimate against the actual fatigue life observed in laboratory 
tests. Figure 4.16 shows a plot for each parameter of the observed specimen 
life versus that predicted by the parameter. All parameters resulted in a 
reasonable fi t to the experimental data for these specimen geometries, with 
the Swellam’s parameter showing the most scatter among them.

4.8 Fatigue life assessment approaches for 

spot welds

Traditionally, the fatigue life of a spot welded joint is estimated by using 
specimen nominal stress along with the experimentally obtained S–N 
curve.62 This approach does not require much calculation, but it is not 
accurate and therefore is diffi cult to use for complex structures. With 
increasing processing speed of computer hardware and capabilities of fi nite 
element analysis (FEA) software, numerical simulation of fatigue behavior 
and prediction of fatigue life of spot-welded joints has improved signifi -
cantly in the last few years.

There are several approaches that can be used to predict the fatigue life 
of a spot-welded joint. These approaches are summarized below with some 
brief explanations. More detailed analysis and discussion can be found in 
the related references.

4.8.1 Nominal stress approach

The nominal stress approach is the most traditional method for predicting 
the fatigue life of a structural component. However, this method is some-
times very diffi cult to apply in real spot-welded structures because it is hard 
to determine the nominal stress in complicated structures. In addition, the 
local stress concentration due to the spot weld geometry and a circumfer-
ential notch is not considered in this approach. The nominal stress approach 
lends itself to simple calculations but also has the least accuracy.

4.8.2 Structural (hot spot) stress approach

Structural (hot spot1) stress is a type of geometrical stress, which describes 
the macrostructural behavior of welded structure but without considering 
the local notch effect, that is no local stress/strain concentration is consid-
ered. A hot spot is a potential location of fatigue initiation. The structure 
stress is used to compare with hot spot stress (or structural stress) S–N 
curve in order to assess the fatigue life of the structure. Because the stress 
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4.16 Predicted vs. experimental fatigue lives for (a) Rupp et al.,58 
(b) Sheppard,54 (c) Dong,60 (d) Kang,61 and (e) Swellam57 spot-weld 
fatigue parameters.3
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concentration caused by a change in structural geometry is considered, it is 
more accurate than the nominal stress approach. Structural stress can be 
obtained either by numerical analyses, such as the fi nite element analysis 
(FEA) or experimental measurement.58,62–65 In the FEA method, the struc-
tural stresses of spot-welded joints are calculated based on the cross-sec-
tional forces and moments of the simplifi ed spot weld model using beam, 
shell and plate theory. The detailed calculations and the assumptions of the 
geometry model, force and moments may be slightly different in different 
structural stress approaches, which has been discussed and compared with 
real experimental results by Bonner et al.3 However, owing to the accuracy 
of hot spot stress (structural stress) measurement in experiment, as well as 
the effects of mesh size on the accuracy of the hot stress fi nite element 
calculation, improvement in the hot spot structural stress approach is 
limited compared to the traditional nominal stress approach.

4.8.3 Equivalent structural stress approach

Based on elementary structure stress analysis, Dong and his coworkers60,66,67 
proposed a modifi ed structural stress approach, the equivalent structures 
stress method. There are also some other forms of equivalent structure 
stress approaches, which will be discussed in the next section. The equiva-
lent structural stress approach is a mesh insensitive method, which elimi-
nates the effects of different mesh size on the stress concentration calculation 
in fi nite element analysis in the hot spot stress approach or the local notch 
stress approach (discussed in the next section). The equivalent structural 
stress consists of a bending stress component and a membrane stress com-
ponent at the location of interest (as shown in Equation [4.4]), usually at 
the stress concentration area such as the toe of the weld:

σs = σb + σm [4.4]

where σs is structural stress, σb is bending stress component and σm is mem-
brane stress component. The local stress diagram together with the defi ni-
tion of structure stress in a spot-welded structure are shown in Fig. 4.17 and 
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4.17 Local shear and normal stress in the thickness direction at the 
edge of a spot nugget.68,69
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4.18 Structure stress defi nition at the edge of a spot nugget.68,69

Fig. 4.18, respectively.68,69 Stress components σb and σm can be obtained by 
imposing equilibrium condition equations between the location of interest 
and a reference location a certain distance away. The stress state at the 
reference location is normally more uniform owing to its distance from the 
stress concentration area and it can be obtained consistently by regular 
fi nite element analysis. Since the equivalent structural stress at the local 
stress concentration area is obtained by elementary structure mechanics 
theory during post-processing of the regular fi nite element output, it is not 
affected by the mesh size and therefore eliminates the mesh size effects in 
the traditional structure stress (hot spot stress) approach. After recalculat-
ing the existing large amount of well-documented S–N fatigue data, Dong 
and his coworkers found that S–N curves for different types of welded joint 
can be reduced to one equivalent structure stress S–N curve, the so-called 
master curve. The application of the equivalent structural stress approach 
to fatigue life prediction a of spot-welded joint will be discussed in the fol-
lowing section.

4.8.4 Fracture mechanics (crack propagation) approach

It is very common to treat the imperfections in the weld, such as defects 
and inclusions, as cracks, which is a relatively conservative way of dealing 
with them. The fatigue initiation stage, therefore, can be neglected and the 
fatigue propagation stage can be studied by fracture mechanics and the 
Paris law. For a spot-welded joint, the circumferential edge of the spot 
nugget is naturally a sharp notch, which can be treated as a crack. In order 
to estimate the remaining fatigue life using the fracture mechanics approach, 
the crack initiation length, fi nal length and crack stress intensity factor are 
needed. The stress intensity factor can be obtained from fi nite element 
analysis or a weight functions approach.63,70–80 It should be noted that the 
fracture mechanics approach deals with the fatigue crack propagation stage, 
which is believed to be the majority of the fatigue life in welded joints, 
especially in joints with defects. However, some researchers suggested that 
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there is still a crack initiation stage for welded joints with defects or 
notches.63,81 Therefore, sometimes, the fracture mechanics approach is com-
bined with other approaches which can estimate the crack initiation stage, 
such as the following local notch strain approach, to predict more accurately 
the fatigue life of welded structures.

4.8.5 Local notch stress/strain approach

The local notch stress approach mainly focuses on the stress concentration 
in the notch area in order to obtain the effective stress in the notch area. 
The stress concentration factor is normally calculated by elastic analysis. 
However, if the notch is too sharp, the effect of materials microstructure 
(such as plastic deformation in the plastic zone) has to be considered and 
the effective stress concentration factor should be used.63 The notch stress 
approach also needs to be used with S–N curves and it is most effective for 
high cycle fatigue assessment because the load amplitude is low and stress 
is the dominant control factor in the fatigue process, while for strain con-
trolled low cycle fatigue, the local notch strain approach should be used. 
The notch strain approach can assess the fatigue strength of the material 
or structure up to the technical crack initiation stage. In this approach, strain 
is the fatigue assessing criterion.

4.9 Current status of fatigue life prediction of welded 

materials or structures

Almost all of above fatigue assessment approaches can be used for spot-
welded joint fatigue life prediction. However, for a complex welded struc-
ture, such as a typical automotive body structure with 3000–5000 spot welds, 
it is very diffi cult to conduct fatigue life assessment using a complicated 
assessing procedure or using complicated 3D fi nite element models. Gener-
ally, there are some important issues that should be considered for fatigue 
life prediction of multi-spot-welded structures. First, a simple fi nite element 
model has to be chosen but it should capture the load redistribution and 
stiffness change in the welded structure owing to different degrees of fatigue 
damage in the multiple spots. Second, an appropriate fatigue life prediction 
method has to be determined to incorporate with fi nite element analysis. 
Many efforts have been made in these two areas to create accurate fatigue 
life prediction methodologies, which are briefl y summarized below.

4.9.1 Development and application of equivalent structure 
stress approach

Rahman and coworkers68–69 used simple shell/plate, beam and rigid ele-
ments to model the spot-welded structure, as shown in Fig. 4.19. This model 
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4.19 Finite element mesh of a spot-welded structure.75,83

can be used for large-scale structures, such as an automobile, containing a 
large number of spot welds. They utilized Dong’s equivalent structure stress 
approach60,66,67 to predict the fatigue life of the spot-welded tensile shear 
and coach peel specimens. However, no experimental data were provided 
to support their results.

Salvini and coworkers84–86 conducted a series of spot-welded structure 
fatigue analyses. The structure they modeled is an H shape coach peel multi-
spot-welded structure. Two fi nite element models, namely pure shell-beam 
model and shell-beam with a three-dimensional submodel, were compared 
in their analyses. They pointed out that there are two major drawbacks of 
the pure shell-beam model: (i) the stress fi eld near the nugget edge is three-
dimensional and cannot be modeled by shell elements and (ii) the global 
stiffness of the spot weld connections in a multi-spot-welded structure 
cannot be modeled by beam elements and the stiffness change caused by 
fatigue will affect the structure loading. On the other hand, it is not realistic 
to use all three-dimensional elements to model spot-welded structures. 
Therefore, they used coarse shell-beam elements to model the entire struc-
ture and used three-dimensional brick elements to model the spot nugget 
area. The fatigue life prediction approach they used is called the extrapo-
lated radial stress (ERS) approach, which is a modifi cation of regular struc-
ture stress approach developed by Radaj and Soegiharto.87,88 and Rupp 
et al.58 for spot-welded joint fatigue life prediction using the maximum 
radial stress around the sport core as the parameter governing damage.

ERS represents the maximum radial stress on the spot edge not consider-
ing stress concentration due to the notch effect, but it can be affected by a 
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change in local stiffness. Details of the ERS procedure can be found in 
Salvini and coworkers.84–86 They tried to establish an ERS-N fatigue curve 
to assess the fatigue life of spot-welded structures. The method worked well 
with the tensile shear and coach-peel specimens according to experimental 
verifi cation, but its extension to complex structures has yet to be verifi ed. 
It should also be noted that another criterion for spot-welded joint fatigue 
life was proposed,84 which uses the measurement of welded structure stiff-
ness change, not the crack propagating through the work-piece nor the 
specimen’s total failure. For complex spot-welded structures, this may be a 
good alternative for fatigue life measurement owing to the diffi culties and 
uncertainties in measuring crack propagation during fatigue.

Kang89 proposed another equivalent structural stress approach which was 
calculated at the edges of the spot weld nugget using forces and moments 
based on a von Mises equivalent stress equation:
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where σi
S is the equivalent structural stress at the edge of a spot weld in 

each sheet. Here, i is an index representing the top sheet (i = 1) or bottom 
sheet (i = 2) and S is an index representing equivalent stress. σi

x, σi
y and σ i

z 
represent normal stresses in the x-, y- and z-directions on the top or bottom 
sheet, respectively. τ i

x, τ i
x and τ i

x represent shear stresses in the xy, yz and zx 
planes on the top or bottom sheet, respectively.

Normal stresses and shears stresses can be calculated using the mem-
brane load, bending load and axial load obtained from statics analysis, such 
as linear elastic fi nite element analysis using beam and shell elements in 
Kang’s study. Then the maximum equivalent structure stress amplitude 
versus fatigue life curve (σS–N) was obtained to predict the fatigue life of 
a spot weld subjected to any loading conditions and geometry variations. 
The predicted results were in good agreement with experimental results 
from combined tension and shear loading specimens and simple shear 
loading specimens. This approach is very similar to Dong’s equivalent 
approach, mentioned before. Again, this approach has not been verifi ed 
against the large amount of existing fatigue testing data as indicated by 
Kang.89

4.9.2 Development and application of fracture 
mechanics approach

Pan and his coworkers have been focusing on the fracture mechanics 
approach in recent years.74–82 They developed local stress intensity factor 
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solutions for spot welds under different loading conditions and specimen 
geometries by fi nite element analysis and analytical closed-form solutions. 
Some details have been discussed in Chapter 1. The new analytical stress 
intensity factor solutions provide detailed stress intensity factor solutions 
around the entire nugget circumference in various types of specimens. The 
new analytical solutions provide the size dependence of mode I stress 
intensity factor solutions for spot welds in various types of specimens allow-
ing future consolidations of the fatigue test data to be obtained from speci-
mens of different designs in the literature. The local stress intensity factors 
were used for crack growth predictions, which had very good agreement 
with experimental results.

Lee and Choi90 proposed a J integral-based fatigue life prediction of spot-
welded structure using a fracture mechanics approach. Three-dimensional 
solid elements were used in their model. Material properties in the heat 
affected zone (HAZ) were considered in the model. An effective J integral, 
Je, expressed by the stress intensity factor (K) was correlated to fatigue life 
based on linear elastic fracture mechanics fi nite element analysis. The 
experimental test results from multi-spot-welded seat belt anchor speci-
mens were in a good agreement with the fi nite element predictions.

4.9.3 Development and application of local notch 
stress/strain approach

Dincer et al.91 compared fi ve popular spot weld models, namely rigid beam–
spot weld model, elastic beam–spot welded model, umbrella–spot-welded 
model, nine point contact–spot-welded model and the weld element 
CWELD in NASTRAN commercial fi nite element software. The fatigue 
life estimation for each spot model is completed using the software FLAP 
developed by the Ford Motor Company. The FLAP software utilizes the 
Smith–Watson–Topper fatigue life prediction, which is like a local notch 
strain approach. After comparison with experimental results, it was found 
that the nine point contact model gives the most accurate results.

Gowhari-Anaraki et al.92 studied three different fi nite element models 
describing a single spot-welded joint of sheet metals under pure-tension 
low cycle fatigue loading. In their models, three-dimensional solid elements 
were used to model the plate, while the spot weld nugget was modeled by 
three types of elements: 3D solid elements, beam elements with a rigid link 
and one rigid link element. The fatigue prediction theory was based on the 
local notch stress approach.

Elastic and elastic–plastic fi nite element analyses were conducted. In 
elastic analysis, the stress concentration factor (SCF) was studied for cor-
relation to geometry factors, such as nugget diameter, work-piece thickness, 
work-piece width and length. In the elastic–plastic analysis for low cycle 
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fatigue testing, notch–stress–strain conversion rules, such as by Neuber,93 
Hardrath and Ohman,94 linear and intermediate rules,95 were used to esti-
mate the local strains.

Deng and coworkers studied the detail of a 3D fi nite element model of 
spot weld96 and four different simplifi ed spot-welded joint fi nite element 
models under different loading conditions.97 They found that most of the 
simplifi ed spot weld joint models can lead to good accuracy in terms of 
structural stiffness when a joint is subjected to tension, out-of-plane torsion 
and out-of-plane bending. But under in-plane torsion and in-plane shear 
conditions, large errors can be introduced even with fi ne meshes. Unfortu-
nately, no direct fatigue analysis was carried out in their study.

4.10 Conclusions

This chapter has discussed the fatigue behavior of spot-welded joints for 
different steels under different loading conditions. Both experimentally 
reported spot weld fatigue life and various methods for fatigue life predic-
tions are summarized. Fatigue loading and consequent deformation and 
failure are very common among most structures, especially mobile struc-
tures such as automobiles. Automobiles are fabricated primarily by a spot 
welding processes, although other forms of welding such as friction stir spot 
welding, metal inert gas welding (MIG) and laser welding are also being 
investigated. Although most of the fatigue tests are conducted under con-
stant amplitude loading, variable amplitude loading or random loading is 
predominant during actual use. Variable amplitude fatigue test data is more 
diffi cult to obtain and hence is not as popularly reported compared to con-
stant amplitude fatigue data. The development of a standard variable ampli-
tude fatigue test is possibly in order. Materials property data of the weld 
nugget and the heat-affected zone must be determined by using miniature 
samples for mechanical testing, or micro-mechanical testing or non-destruc-
tive means and these actual data should be used to model the mechanical 
behavior of the spot welded specimens. The effect of residual stress in the 
spot weld is an important parameter that can affect the fatigue performance 
of the spot weld. However, there are still different schools of thoughts in 
this regard and thus more experimental testing and modeling effort are 
needed to bring clarity to the effect of residual stress in spot weld fatigue 
behavior.

With regard to analytical and numerical modeling of a spot-welded struc-
ture under load, the equivalent structural stress approach, which was devel-
oped from the traditional structural stress approach, has attracted the most 
attention and applications in recent years owing to its simplicity and relative 
robustness as a single fatigue assessment parameter. It has the most poten-
tial to be used in large and complex multi-spot-welded structures, like an 
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automobile. However, the accuracy and ease of use of the equivalent struc-
tural stress approach still needs improvement. Other methods, such as the 
fracture mechanics approach and the local notch stress/strain approach are 
still of interest. As mentioned earlier, the fracture mechanics approach may 
need to be combined with the local notch strain approach in order to model 
both fatigue crack initiation and propagation. The local notch stress 
approach has a signifi cant dependence on structure geometry, which may 
not be easy or accurate for use in large and complex welded structures.
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Abstract: This chapter discusses non-destructive evaluation of spot welds, 
with emphasis on ultrasonic inspection of resistance spot welds in mild 
steel. Detection of stick welds and of small nuggets surrounded by a zinc 
corona are the principal challenges faced by resistance spot-weld 
inspection. The post-process single-element ultrasonic method is 
the most common inspection technique currently employed in 
manufacturing environments. Recent interest has centered on imaging 
techniques, which offer spatially resolved information and increased 
sensitivity, and on in-process inspection, which allows examination of the 
events that occur during the course of the welding process. These 
techniques are described and their strengths and weaknesses are 
discussed.

Key words: friction spot welding, in-process inspection, mild steel, 
non-destructive evaluation, non-destructive testing, resistance spot 
welding, spot welding, stick welds, ultrasonic spot welding, ultrasonic 
testing.

5.1 Introduction

Resistance spot welding of sheet metal has been a valuable manufacturing 
process for many decades, notably for producing vehicle bodies and enclo-
sures. The speed, simplicity and low expense associated with this technique 
have helped enable rapid and cost-effi cient assembly of sheet metal com-
ponents in various manufacturing environments. Reliable operation of 
resistance spot welders, however, requires careful control of several vari-
ables, principally welding current, force and time. Allowing any of these 
parameters to wander outside optimal ranges results in production of unsat-
isfactory spot welds, diminishing the structural integrity and lifetime per-
formance of the fi nal products. For example, some of the squeak and rattle 
problems observed in older vehicles are related to degradation of spot 
welds under the typical mechanical loads experienced by vehicle bodies. 
Such problems adversely affect customer satisfaction and warranty costs 
and are of great concern to manufacturers.
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Strict quality-control procedures are, therefore, employed in manufactur-
ing plants to ensure production of satisfactory spot welds and to discover 
degradation rapidly in welding operations. One approach is to utilize a 
multitude of sensors to measure the factors that affect welding separately. 
Examples are provided by the various adaptive control methodologies, in 
which parameters such as welding current, dynamic resistance and elec-
trode displacement are measured. These techniques, however, do not inspect 
the spot weld itself and are not considered to be non-destructive evaluation; 
as such we will not discuss them further.

As a quality measure, the most defi nitive gauge of the welding process is 
the strength of the spot welds. This assessment involves destructive testing 
of randomly selected components, in order to confi rm by inference the 
quality of other spot welds that were produced in the same batch. The 
obvious shortcomings of destructive testing, mentioned in the next section, 
have led to numerous efforts to devise and implement non-destructive 
evaluation (NDE) techniques for quality control of resistance spot welds.

Owing to escalating demand for weight reduction and higher quality, the 
customary use of mild steel in sheet metal products has been partly sup-
planted by use of other sheet materials, such as aluminum and advanced 
high-strength steels. Although these materials can be resistance spot welded, 
the process variability and failure modes are comparatively new to manu-
facturing plants, necessitating careful adherence to quality practices. Fur-
thermore, these demands have led to the development of novel sheet 
welding techniques, for example ultrasonic spot welding, friction spot 
welding and laser spot welding. These techniques possess particular advan-
tages over resistance spot welding and are being considered for implemen-
tation in appropriate circumstances. However, introduction of any new 
manufacturing technique, which could suffer from unfamiliar manufactur-
ing or reliability issues, dictates tandem use of dependable quality control 
equipment and procedures. Because of the higher cost of these materials, 
destructive testing is less cost-effective, compounding the need for appro-
priate NDE techniques.

Non-destructive evaluation cannot reveal the strength of a spot weld 
directly. Instead, non-destructive techniques rely on measuring other tan-
gible characteristics of the weld that bear a strong correlation to weld 
strength. As discussed in previous chapters, the principal tangible charac-
teristics that control weld quality are geometry and materials properties. 
Thus the goal of spot-weld NDE is to provide suffi cient information about 
the geometry and metallurgical properties of the heated region to permit 
a meaningful inference to be made about weld quality.

Although numerous manufactured goods rely on spot welding, the quality 
and integrity of spot welds are most crucial to the automotive industry to 
assure the structural rigidity, durability and crashworthiness of vehicle 
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bodies. Aerospace applications were one of the drivers for early NDE work, 
but other sheet joining techniques have largely replaced the use of spot 
welds in modern aircraft manufacturing. Therefore, development of NDE 
techniques for spot welds has been dominated by automotive applications, 
which will be the focus of this chapter.

Numerous NDE techniques have been tested on spot welds. Among 
these, ultrasonic methods have become most prevalent in industrial settings. 
Consequently, this chapter is mostly dedicated to description of ultrasonic 
NDE of spot welds. The dominant spot welding technique used in manu-
facturing is resistance spot welding, while other advanced techniques remain 
the subject of current research. Moreover, resistance spot welding has 
mostly been applied to mild steel sheets. Therefore, the content here is 
primarily about resistance spot welds in mild steel.

The content in this chapter is divided as follows. In Section 5.2, the 
process of resistance spot welding and associated quality-control issues are 
discussed. Section 5.3 provides a brief overview of the various NDE tech-
niques devised for spot welds. Ultrasonic techniques, the most promising 
and prevalent of these methods, will be treated in detail in the remainder 
of this chapter. Section 5.4 covers single-element ultrasonics, the most 
common NDE technique employed in manufacturing facilities. Section 5.5 
describes imaging ultrasonics. Section 5.6 outlines issues related to resis-
tance spot welding of other materials and other spot welding techniques. 
Section 5.7 presents a brief discussion of in-process ultrasonic NDE tech-
niques. Section 5.8 provides a selective history of ultrasonic NDE of resis-
tance spot welding, along with current trends. Finally Section 5.9 presents 
some concluding remarks.

5.2 Background

The process of resistance spot welding involves passing electrical current 
through metal sheets within a localized area, leading to fusion of the sheets 
(RWMA, 2003). The sheets to be welded are clamped between two water-
cooled electrodes. After the clamping force has stabilized, current is passed 
through the clamped location. Joule heat generated by the electrical resis-
tance within and between the sheets causes the sheet material to soften and 
melt, beginning at an interior location and growing outward as heat is 
added. A consequence of this softening is that the electrodes press into the 
outer sheet surfaces, leaving behind indentation marks. After the current is 
shut off, pressure is maintained until the molten metal has solidifi ed, forming 
a ‘nugget’ that joins the sheets.

Current, force and time must be controlled within a suitable range for 
the production of satisfactory spot welds. The range depends on sheet thick-
nesses, alloys and coatings, among other factors. If the current is too small 
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or is applied too briefl y, the nugget will be smaller than the desired size 
(‘undersized weld’), or the sheets can be joined by a weak braze or solid-
state bond at the weld interface (‘stick weld’ or ‘cold weld’), or they may 
not be joined at all. If the current is too large or is applied for too long, the 
molten zone can approach the electrode surfaces too closely, resulting in 
excessively deep indentations (‘burnt’ weld). The clamping force must be 
suffi cient to contain the molten zone between the sheets. If the force is too 
small, molten material can escape along the sheet interface (‘faying surface’) 
or from between the sheets and electrode tips, a situation that is called 
‘expulsion’.

The structure of a typical satisfactory resistance spot weld in mild steel 
is sketched in Fig. 5.1. The indentations at the top and bottom result from 
plastic deformation caused by the welding electrodes. The nugget forms 
more or less centrally and has a roughly ellipsoidal shape. As the nugget 
rapidly cools, it largely transforms into a martensitic structure, even in steels 
that have a very low carbon content. The nugget is surrounded by a heat 
affected zone (HAZ) that has been strongly infl uenced by heating and 
cooling even though the material in this region did not melt. The HAZ can 
contain both grain-refi ned and grain-coarsened regions, depending on its 
detailed thermal history, but it is always metallurgically distinct from the 
unmodifi ed (‘parent’ or ‘base’) sheet material (Kou, 2003; Messler, 1999).

Despite the seemingly straightforward character of resistance spot 
welding, it can suffer from numerous process errors. Even if current, force 
and time fall within the specifi ed range, the welding electrodes can become 

Parent material Weld indentation

NuggetGap between
sheets

Heat affected
zone (HAZ)

5.1 Sketch of a steel resistance spot weld. Some grains are shown to 
illustrate typical size variations with location in the weld.
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misaligned or misoriented, changing the distribution of current within the 
sheets. The electrodes can alloy with material from the sheets, changing 
their resistance, or the electrode tips can change shape (‘mushroom’), 
decreasing current density or introducing non-uniformities into the current 
distribution. The fl ow of cooling water can become hindered, allowing tem-
peratures to rise too high. Foreign material or misfi t between the parts being 
joined can prevent proper clamping of the sheets. Moreover, process errors 
can occur that are unrelated to the welding apparatus. For example, the 
sheet composition or coating thickness can vary from nominal. As a result 
of these and other process errors, the weld can be burnt, material can be 
lost to expulsion, the nugget diameter or thickness can be too small, the 
metallurgical condition of the weld can be incorrect, and so on, leading to 
production of unsatisfactory spot welds.

Such variations indicate a need to monitor the spot welding process. 
Some parameters, like welding current and water fl ow, can be measured by 
sensors on the welding apparatus. Others, such as burnt welds and electrode 
misalignment, can be spotted visually. However, some critical characteris-
tics of the weld, for example the nugget size, are hidden. Therefore, addi-
tional means are required to monitor weld quality.

The traditional laboratory tests of weld quality, instrumented strength 
tests using a tensile testing machine and metallurgical sectioning (AWS, 
2002), are ill suited for routine use in a manufacturing plant. Automotive 
manufacturers have settled instead for a less well-controlled and less infor-
mative ‘peel test’, in which one sheet is peeled away from the other until 
the sheets separate. ‘Teardown’ tests, in which all spot welds on a part are 
peeled, are performed on an audit basis according to a preset schedule. In 
the case of mild steel, the sheets tend to tear around the nugget because 
the nugget is harder than the parent material. The entire nugget remains 
attached to one sheet, appearing as a projection or ‘button’ on that sheet 
and leaving a corresponding hole in the other sheet. The diameter of the 
button is measured by calipers according to specifi ed procedures and is 
compared to a specifi ed minimum acceptable button size to determine 
whether the weld was satisfactory (AWS, 2002). Because the button diam-
eter is approximately equal to the nugget diameter in mild steel, the button 
is a reasonable substitute for the nugget in assessments of weld quality. The 
situation becomes more complicated for spot welds in other materials, as 
explained in Section 5.6.

Because the peel test destroys otherwise sellable product and the time 
delay between producing and testing parts leads to a slow response to 
welding problems, manufacturing plants developed an alternative quality 
test. In the ‘pry test’ or ‘chisel test’, a chisel is forcibly inserted between the 
sheets near a weld so as to pry the sheets apart by a predetermined amount 
(Zhang and Senkara, 2006). If the weld does not fail, it is presumed to be 
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satisfactory and the plastically distorted sheet in the vicinity of the weld is 
hammered back into place. This easy-to-perform test, which is often 
described as ‘non-destructive’, is less than satisfactory because the results 
are non-quantitative and because it can damage the weld or the nearby 
sheets. Moreover, welds can be classifi ed as non-pryable for a variety of 
reasons. In high-strength steel, it may be diffi cult to apply suffi cient force, 
or a perfectly good weld may fail interfacially without distortion of the sur-
rounding material. For some metals, and for adhesively bonded sheets, the 
distortion is irreversible. Some welds are located in places that are inacces-
sible to the chisel. Therefore, much effort has been spent over many years 
to develop better, truly non-destructive tests.

5.3 Techniques for non-destructive evaluation of 

spot welds

Non-destructive evaluation techniques can be broadly classifi ed as in-
process or post-process. In-process techniques, in which welding is moni-
tored in real time, can provide a measure of the quality of the completed 
weld, or be used as a feedback signal to optimize the welding process. Using 
feedback, welding current could, for example, be terminated immediately 
after the melted region has reached the optimum size, preventing produc-
tion of burnt welds. In-process techniques add cost and complexity to the 
welding equipment and the resulting potential for increased down time for 
repair and maintenance could reduce production rates. Thus, post-process 
techniques, in which the weld is examined after welding is fully completed, 
have been predominant in industrial settings.

Non-destructive techniques can be also divided into two classes depend-
ing on whether the signal being monitored is generated by the welding 
process itself, for example temperature or acoustic emissions, or whether 
the weld is interrogated using external excitation. In the latter case, the spot 
weld is exposed to external energy, causing a measurable response, from 
which inferences can be made. Various energy modes and physical phenom-
ena have been used for NDE of spot welds, among them sound waves, 
electromagnetic radiation of various frequencies (infrared, optical, X-rays), 
AC or DC electric current and magnetic fl ux. In most cases, the energy is 
intended to interact with the internal structure of the weld, to assess the 
bond quality between the sheets or the nugget size and materials properties, 
or to detect fl aws. However, some NDE techniques have also attempted to 
rely on visual indications to evaluate spot welds, as will be mentioned.

Sound waves in the ultrasonic frequency regime have proven especially 
valuable for examining weld quality because of their acute sensitivity to 
materials properties. They are readily refl ected by abrupt changes in density 
or sound velocity, for example those at the sheet interface and weld bound-
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aries. In addition, metallurgical changes caused by welding can infl uence 
attenuation and speed of sound in the material. Based on these physical 
phenomena, several post-process and in-process ultrasonic techniques have 
been developed. These will be discussed in detail in later sections.

X-ray techniques rely on differential absorption and scattering of radia-
tion based on integrated density along the X-ray beam path. The technique 
can provide images of internal pores and fl aws. X-ray radiography is, 
however, not well suited to monitoring spot welds, since it can only detect 
weld indentation and large pores, but it cannot distinguish the nugget size 
or properties (Gardner and Redwood, 1955; Kruger and Lehmann, 1993; 
USAMP, 2003). Even for resistance spot welding of aluminum, for which 
internal fl aws are more common and larger in size, detection is challenging 
for standard X-ray techniques. More sophisticated techniques, such as X-ray 
tomography, can obtain three-dimensional images of the weld geometry 
and internal pores but are expensive and time consuming for typical manu-
factured goods. More importantly, because they are still incapable of distin-
guishing the weld nugget, they have limited value for NDE of spot welds.

Infrared techniques have also been investigated, involving either the 
infrared radiation produced by the welding process, or exposing completed 
spot welds to external infrared energy. In the former case, since welding 
electrodes largely obstruct the weld, an alternative technique observes 
cooling of the welded area immediately after electrodes are removed (Denis 
et al., 1979). In the latter case, heat is introduced into the welds either by 
fl ash lamps illuminating the weld surface, or by passing electric current 
through spot welds. Since thermal response depends on weld size and the 
presence of internal pores or cracks, some unacceptable spot welds can be 
detected via deviation from typical cooling rates or non-uniform fl ow of 
heat within and around the welded area. Despite some promising labora-
tory results (Bekeshko and Popov, 1972; Brown and Bangs, 1986; Shepard 
et al., 1998, Turler et al., 2003), the relatively large thermal diffusion dis-
tances in metals degrade the accuracy with which undersized spot welds can 
be detected. Moreover, infrared techniques are not capable of distinguish-
ing the weak brazing in stick welds from satisfactory welds.

Another approach is based on the decrease in electrical resistance of spot 
welds with increasing nugget size (Cohen and West, 1983; Hain, 1988) and 
can be measured simply using a four-point electrical conductivity probe. 
However, the zinc corona around undersized welds and the zinc braze of 
stick welds lead to overestimation of nugget size (Westgate, 1993). More-
over, proximity to sheet edges and adjacent welds can skew the measure-
ment (Westgate, 1993).

Eddy current techniques, which measure the electromagnetic response of 
spot welds, have also been utilized to assess the size and metallurgical 
properties of weld nuggets. Surface irregularities, material magnetism and 
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the depth of the weld nugget can, however, lead to complications that have 
not been overcome by standard eddy current techniques (Fastritsky et al., 
1973; Scott and Dodd, 1982). Recently, more sophisticated electromagnetic 
NDE techniques have succeeded with aluminum friction stir welds (Grundy 
et al., 2006) and could be extendable to friction spot welds and even resis-
tance spot welds.

Yet another technique is in-process detection of acoustic emissions pro-
duced by thermal and microstructural transformations in the welded mate-
rial during welding. Despite promising laboratory results (Crostack, 1977; 
Vahaviolos, 1984) and established standards (ASTM, 1996), this technique 
has not advanced in manufacturing plants. Other post-process techniques 
include optical (visible light) methods, in which a single reading or image 
of the weld outer surface is scrutinized (Weerasinghe and Hameed, 2001; 
Maetschke, 2002), response to an applied magnetic fi eld (Lavrent’eva et al., 
1988; Banerjee et al., 2008) and shearography (Yang et al., 2005).

It is worth noting that additional ultrasonic techniques have also been 
tested. For example, in-process Lamb waves (Rokhlin and Bendec, 1983; 
Rokhlin and Adler, 1985) were utilized, but have displayed problems in 
distinguishing stick welds. Also, diffi culty with consistent coupling of ultra-
sound into resistance spot welds using the traditional piezoelectric trans-
ducers have led to investigation of electromagnetic acoustic transducers 
(EMAT) (MacLauchlan and Latham, 2001) for NDE of spot welds. Although 
the method for producing the ultrasonic waves is different, the physical 
phenomena behind the interaction with the weld nugget are similar to other 
ultrasonic techniques.

As described above and in previous review articles (Jones, 1999; Satonaka 
and Matsuyama, 2000), numerous schemes have been tested as possible 
NDE techniques for spot welds. Although these techniques have their pro-
ponents and have shown promise in laboratory environments, most have 
struggled with process and materials variations, and with other noise sources 
typical of manufacturing environments. Furthermore, introduction of NDE 
into the automotive manufacturing environment must overcome some 
industry-specifi c challenges (Mozurkewich, 2004). The remainder of this 
chapter is devoted to a closer description and analysis of the most promising 
of these NDE techniques: pulsed ultrasound. A detailed examination of this 
technique and its advantages and shortcomings in manufacturing plants will 
also serve as a case study for the issues faced by all NDE techniques.

5.4 Single-element ultrasonic inspection

5.4.1 Echo timing

Single-element ultrasonic inspection of spot welds is based on the observa-
tion of echoes refl ected from abrupt changes in the density or speed of 
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sound, for example from boundaries of the sheets or from voids in the weld. 
Echo timing provides information about the location of discontinuities. 
Echo amplitude provides information about the size of discontinuities and 
about the amount of attenuation occurring in the material.

When ultrasound generated by a transducer is introduced into a single 
metal sheet normal to its surface, the sound propagates through the sheet, 
refl ects from the opposite face and returns to the fi rst surface, producing 
an echo. The time when the echo arrives is determined by the distance trav-
eled (twice the sheet thickness) divided by the speed of sound. Some of the 
energy in the echo is transferred out of the sheet and back into the trans-
ducer, allowing the arrival time and amplitude of the echoes to be recorded. 
The remainder of the ultrasonic energy is refl ected again, commencing 
another round trip through the sheet. It is common to observe a dozen or 
more echoes. Some energy is lost to attenuation during each round trip, 
reducing the size of successive echoes. Processes that attenuate sound 
energy include absorption of sound by the material through which it propa-
gates, scattering of sound by variations in material properties or by rough 
surfaces, spreading of the ultrasonic beam by diffraction and transmission 
of the beam through surfaces into neighboring materials. The resulting 
pattern of echo amplitude versus time is called an A-scan.

Echo timing provides the standard technique for determining whether 
two sheets are intimately bonded. If the transducer is located over an 
unbonded sheet, the time separation between the echoes corresponds to 
the sheet thickness (Fig. 5.2a). On the other hand, if the transducer is 
located over an area where two sheets are bonded, the echo separation 
corresponds to the sum of the thicknesses of the two sheets (Fig. 5.2b). 
Whereas this latter situation corresponds to a properly formed spot weld, 
the presence of any intermediate echoes indicates an unsatisfactory 
weld.

The most common cause of additional echoes is refl ection from an 
unbonded faying surface. Ordinarily, the inspector chooses a transducer 
that has a diameter approximately equal to the desired diameter of the weld 
nugget. Intermediate echoes caused by refl ections from the faying surface 
appear in the echo pattern if the actual weld diameter is smaller than the 
selected transducer diameter. In this case, the observed echo pattern con-
sists of two independent echo sequences, one from the fully bonded region, 
in which the echo spacing corresponds to a round trip in the full thickness, 
and a second sequence, corresponding to a round trip in the top sheet (Fig. 
5.2c). Intermediate echoes also appear if the transducer is displaced from 
the center of the weld. Thus, when intermediate echoes are observed, the 
inspector must adjust the transducer location laterally to seek the center of 
the weld. A diagnosis of undersized weld is rendered if no location can be 
found at which the intermediate echoes disappear.
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(a)

(b)

Ultrasonic transducer

Ultrasonic transducer

Ultrasonic transducer

(c)

5.2 Schematic representations of rectifi ed A-scans (plots of voltage 
versus time) corresponding to a transducer located above (a) an 
unbonded region, (b) a satisfactory spot weld and (c) an undersized 
weld. The arrows representing the ultrasonic beam path are drawn at 
an angle solely to allow differentiation of beam paths.

A second cause of additional echoes is the presence of a gross fl aw inside 
the weld nugget. Pores and shrinkage cracks produce refl ections between 
those corresponding to the full sheet thickness. When the depth of such a 
discontinuity differs from the thickness of the top sheet, the timing of the 
intermediate echoes can distinguish the discontinuity from faying surface 
echoes. If the sheets are of equal thickness, however, it is hard to distinguish 
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center-plane voids from faying surface echoes, although some success has 
been reported (Sokolowski et al., 2006; Register and Servent, 2009).

A third cause of intermediate echoes is the presence of a weakly refl ect-
ing layer at the faying surface, arising from a weak bond between the sheets. 
Under the infl uence of heat and pressure, a solid-state bond can form 
between the sheets by diffusion. Such bonds are rarely perfect because of 
interface roughness and contamination. Thus they are weaker than fully 
fused spot welds and can be weak enough to fail interfacially. Weak bonds 
also can form between galvanized steel sheets if the zinc melts and resolidi-
fi es, brazing the sheets together. Because of the low strength of zinc, they 
also fail interfacially. Both situations are classifi ed as ‘stick welds’ (or ‘cold 
welds’) and should be rejected. Moreover, an undersized nugget can be 
surrounded by a corona of zinc braze or solid-state bond.

Stick welds entail appreciable mechanical contact between the sheets, 
substantially reducing the magnitude of ultrasonic refl ection at the inter-
face. When the intermediate echoes have moderate amplitude, weak bonds 
can be recognized by a bell-shaped echo envelope, called ‘Napoleon’s hat’ 
(Kaminski, 1997). The peak in the pattern of intermediate echoes arises 
from the interplay between ultrasound transmitted through the faying 
surface and ultrasound refl ected by it. In other cases, faying-surface echoes 
from a well-formed solid-state bond or very thin zinc-brazed joint can 
become so small that the resulting intermediate echoes from the stick weld 
are smaller than the instrument noise. Therefore, while observation of 
Napoleon’s hat provides solid evidence for a weakly bonded faying surface, 
the absence of Napoleon’s hat does not prove that the sheets are fully fused. 
A stick weld can look ultrasonically like a satisfactory weld and a corona 
of weak boning can cause an undersized weld to appear larger than it actu-
ally is.

5.4.2 Attenuation

The serious challenge of identifying stick welds was addressed through the 
empirical observation that satisfactory spot welds tend to have higher ultra-
sonic attenuation than weak ones (Anonymous, 1966; Pittaway, 1967; 
Mansour, 1988). Thus, by combining information from attenuation (high 
versus low) and from intermediate echoes (presence versus absence), 
the weld condition can be inferred according to the prescription given in 
Table 5.1.

The larger attenuation in a satisfactory spot weld was interpreted in terms 
of the metallurgical structure of the weld. In contrast to a stick weld, a 
satisfactory weld contains a nugget of appreciable thickness, the melted 
region having penetrated through a signifi cant fraction of the sheet thick-
ness. The nugget material has a cast morphology (RWMA, 2003) containing 
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Table 5.1 Algorithm for inferring weld condition from an A-scan in single-element 
inspection

Observed A-scan Inferred condition

Single-thickness echoes No weld 
Full-thickness echoes plus intermediate 

echoes 
Undersized weld or fl aw in weld

Full-thickness echoes only, low attenuation Stick weld 
Full-thickness echoes only, high attenuation Satisfactory weld 

large crystalline grains, in contrast to the small grains of the wrought parent 
material (Fig. 5.1). Because large grains scatter ultrasound more strongly 
than small grains (Papadakis, 1968; Mansour, 1988), the nugget material 
could be expected to exhibit increased attenuation. Therefore, the observed 
increased attenuation was assumed to stem from appreciable thickness of 
the nugget.

The diffi culty of demonstrating a consistent connection between attenu-
ation magnitude and weld quality has, however, been pointed out repeat-
edly (Hain, 1988; Westgate, 1993; Satonaka and Matsukawa, 2000; Roberts 
et al., 2002). The connection has also been more directly challenged. Mea-
surements on resistance spot welds before and after fl attening their surfaces 
to remove the welding electrode indentations have shown that attenuation 
in as-made mild-steel welds is caused largely by surface unevenness within 
the indentations (Roberts et al., 2000). Spatially resolved attenuation mea-
surements found that attenuation within the nugget of a mild-steel weld 
does not differ greatly from that in the parent material and a satisfactory 
weld can have lower attenuation than a weak one (Mozurkewich et al., 
2008). The evidence indicates that attenuation in mild-steel spot welds is 
affected more strongly by surface condition than by thickness of the nugget 
(‘nugget penetration’).

To appreciate the role of attenuation in spot-weld inspection, it helps to 
understand how surface condition can infl uence attenuation through 
dephasing of the ultrasonic wave. Because piezoelectric transducers are 
phase sensitive, the voltage corresponding to a received ultrasonic echo is 
reduced if the phase of the echo is not uniform over the transducer’s active 
area. When phase variation increases with number of round trips, dephasing 
reveals itself as an ‘apparent attenuation’, that is as an attenuation contribu-
tion that is not related to absorption or scattering within the weld. Figure 
5.3 sketches some situations that lead to dephasing. Uneven weld surfaces 
cause the ultrasonic path length to vary erratically from place to place. A 
curved indentation causes a systematic variation with location, as do non-
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5.3 Causes of dephasing: (a) weld surface unevenness, (b) curved 
indentations, (c) nonparallel indentations, (d) ellipsoidal nugget.

parallel indentation surfaces. Although unrelated to surface condition, 
dephasing can also be caused by non-uniform nugget penetration since the 
ultrasonic speed is different in the nugget. For an ellipsoidal nugget, phase 
variation occurs over a substantial portion of the weld diameter, while for 
a more rectangular one, the variation is restricted to its periphery.

Computing the magnitude of the associated amplitude reduction is 
beyond the scope of this discussion. Yet one can appreciate the signifi cance 
of these effects by estimating the phase variation across the transducer. If 
the phase variation is a substantial fraction of a radian, the effect can appre-
ciably infl uence echo amplitude. Using plausible values for the parameters 
involved (peak-to-peak surface unevenness of 0.1 mm, and/or electrode-
tip radius of 50 mm, speed of sound in the nugget reduced by 3.5% 
(Mozurkewich et al., 2008)), we fi nd that these effects can cause appreciable 
dephasing at a typical operating frequency of 15 MHz and thus can con-
tribute to apparent attenuation.

The apparent attenuation produced by dephasing can provide useful 
information about weld quality if and only if the cause of dephasing cor-
relates with weld quality. For example, because indentation depth increases 
with welding current and time, it provides indirect information about weld 
quality. If the electrode tips are curved, apparent attenuation will increase 
in tandem with indentation depth and would likewise serve as an indirect 
indicator of weld quality. Similarly, worn electrodes impress their uneven 
tip shape into the softened weld surfaces, resulting in apparent attenuation 
that can indirectly indicate weld quality. We believe such effects account for 
much of the observed relationship between attenuation and weld quality. 
In contrast, fl at-tipped electrodes might produce no discernable increase in 
apparent attenuation with indentation depth and therefore might provide 
no useful information about weld quality.
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Dephasing effects represent a serious complication in single-element 
inspection. In some situations, the resulting apparent attenuation can 
provide useful information relevant to weld quality, while in other situations 
it cannot. Which situation applies depends on considerations such as elec-
trode tip shape, frequency of tip dressing and nugget shape. Lack of atten-
tion to such details could cause the inspector to be misled. We believe this 
state of affairs explains some of the discouragement that seems to plague 
implementation of spot-weld ultrasonic testing (Utrata, 1998; Roberts et al., 
2002).

5.4.3 Classifi cation reliability

To judge the accuracy of an NDE regimen, inferences from non-destructive 
tests must be compared with objective determinations of weld condition. 
Laboratory tests of NDE techniques might entail comparison with the weld 
strength measured using a tensile testing machine or with the nugget diam-
eter obtained through metallographic sectioning. However, the test most 
commonly practiced in manufacturing plants and sanctioned by various 
standards (AWS, 2007) involves the size of the button.

After the welds are classifi ed as either OK or not OK (NOK) based on 
the non-destructive test, they are peeled, the buttons are measured and each 
weld is classifi ed as satisfactory or unsatisfactory by comparing its button 
to the minimum acceptable size. The resulting numbers of welds are com-
piled in a two-by-two contingency table, Table 5.2. For instance, the number 
of welds that are satisfactory based on button size and also called OK by 
NDE are designated by b. The rate of false calls, α, is defi ned by the ratio 
of the number of satisfactory welds erroneously called NOK to the total 
number of satisfactory welds:

α =
+
d

b d

Similarly, the rate of misses, β, is the ratio of the number of unsatisfactory 
welds mistakenly called OK to the total number of unsatisfactory welds:

β =
+
a

a c
.

For the non-destructive inspection regimen to be qualifi ed for plant use, 
manufacturers commonly require empirical evidence that both α and β are 
suffi ciently small. While each manufacturer specifi es exactly how small is 
small enough, representative values are α < 0.05 and β < 0.10. Both α and 
β must be evaluated. It is not suffi cient to determine the ratio of the total 
number of mistakes (a + d) to the total number of welds because modern 
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welding lines often produce greater than 98% satisfactory welds. Thus a 
careless inspector who simply declares every weld to be OK would be 
wrong less than 2% of the time, if judged solely by the total proportion of 
mistakes.

Despite the widespread use of this criterion for qualifying an inspection, 
the α and β error rates are not determined solely by the characteristics of 
the inspection regimen. Rather, they are a combined property of both the 
inspection regimen (instrument, inspector training, etc.) and the set of welds 
used in the test. In particular, the values of α and β depend on the propor-
tion of welds that fall near the minimum acceptable diameter. This fact has 
been empirically demonstrated (Roberts et al., 2002) and can be appreci-
ated by considering hypothetical cases (Mozurkewich, 2006). For instance, 
consider adding a large number of unambiguously unsatisfactory welds to 
the test set. By increasing c in Table 5.2, the rate of misses (β) would be 
decreased, without modifying any characteristic of the non-destructive test: 
same inspector, same instrument, different result.

Every measurement process entails error and better measurement pro-
cesses entail smaller error. This observation motivates a better metric for 
qualifying an inspection, the prediction uncertainty, σ (Mozurkewich, 2006). 
If a weld produces a button exactly equal to the minimum acceptable diam-
eter, M, any inspection method is equally likely to classify the weld as OK 
or NOK; that is, any inspection has a 50% chance of being wrong. If, 
however, the button size greatly exceeds the minimum acceptable diameter, 
any competent inspection is almost certain to classify the weld as OK. The 
misclassifi cation probability decreases monotonically from 50% in the fi rst 
case to 0% in the second. Prediction uncertainty is defi ned such that the 
misclassifi cation probability is 16% for a button diameter equal to M ± σ, 
or, equivalently, 5% for button diameter of M ± 1.645 σ. This metric is 
independent of the distribution of welds being tested.

No extensive studies of error rates in actual manufacturing environments 
have, to our knowledge, been published in the open technical literature. To 
estimate the order of magnitude of σ, we turn to a United States Automo-
tive Materials Partnership (USAMP) study in which one set of 150 coupon 
welds was classifi ed by several parties, each using different ultrasonic 

Table 5.2 Contingency table for evaluating non-destructive spot weld tests. The 
letters a, b, c and d designate the number of welds falling into each category

Button unsatisfactory Button satisfactory

Called OK by NDE a b
Called NOK by NDE c d

�� �� �� �� ��



116 Failure mechanisms of advanced welding processes

© Woodhead Publishing Limited, 2010

apparatus (USAMP, 2003). Enough data were available to estimate σ for 
two commercial instruments, the better of which yielded a value of 0.6 mm 
(Mozurkewich, 2006). This value indicates that a weld that is 1.645 × 0.6 mm 
= 1.0 mm larger than the minimum acceptable diameter would be classifi ed 
correctly 95% of the time. This value should be regarded as approximate 
because the inspectors were not allowed to peel the welds to refi ne their 
technique. In a manufacturing environment, extensive effort would be 
expended to train inspectors about the particular weld stack-ups they would 
encounter in practice. Under such circumstances, it is possible that smaller 
values of σ would be obtained.

5.5 Ultrasonic imaging

5.5.1 Motivation and methods

While reasonable success has been attained using the single-element 
method, improvement is continually sought. Ultrasonic imaging offers a 
potential route towards better performance. Because a single-element 
transducer interrogates the entire spot weld simultaneously, the informa-
tion it provides has necessarily been averaged over the entire weld, limiting 
analysis to the average refl ection at the interface. Small intermediate echoes 
in a single-element inspection could indicate that most of the weld interface 
produces no refl ections while a small portion produces large refl ections, or 
it could equally well indicate that the entire interface produces small refl ec-
tions. These physically distinct situations can be differentiated by imaging. 
In accord with the adage ‘A picture is worth a thousand words’, it is reason-
able to expect that welds could be categorized more accurately and easily 
using local information from within the weld.

Moreover, fi ner spatial resolution implies greater sensitivity. The size of 
the refl ection from a small object increases as the area of the ultrasonic 
beam decreases because the object subtends a larger portion of a smaller 
beam. Thus an imaging system that has fi ner spatial resolution is inherently 
more sensitive to such an object, which could, for instance, be a void or 
inclusion in an imperfectly formed solid-state bond. While the size of this 
enhancement can be quite signifi cant, it remains to be determined empiri-
cally whether the sensitivity using a particular frequency and size of focal 
spot is adequate to detect the small refl ections that indicate an imperfectly 
bonded interface.

A weld can be mapped ultrasonically using a transducer that has a tightly 
focused beam by translating the transducer across the weld surface in a 
raster pattern (Fig. 5.4a). This technique, called acoustic microscopy, is 
usually performed in a water tank to facilitate reproducible coupling of 
ultrasound into and out of the weld. The A-scan from each point on the 
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(c)

5.4 Schematic representations of (a) mechanical scan of a focused 
single-element transducer in a raster pattern, (b) two-dimensional (2D) 
passive array, (c) 2D phased array. The array elements that are excited 
to produce the displayed beam are shaded.

map is analyzed to obtain a quantitative measure of the weld at that point. 
A plot of this metric over the raster area is called a C-scan (Krautkramer 
and Krautkramer, 1990). Typically, C-scans present the magnitude of refl ec-
tion from the faying surface (Fig. 5.5), although other metrics, like weld 
indentation topography, can be plotted. Acoustic microscopy is commonly 
used in laboratory settings, but is not well suited to manufacturing environ-
ments because the equipment is expensive and delicate and scans are slow.

A passive ultrasound array provides one practical method for rapidly 
producing an ultrasonic map outside the laboratory environment (Macovski, 
1979). A passive array consists of a large number of small transduction ele-
ments arranged on a grid. Each individual element generates ultrasound 
independently and detects the corresponding echoes in order to inspect 
the material directly below it, contributing one pixel to the overall map 

�� �� �� �� ��



118 Failure mechanisms of advanced welding processes

© Woodhead Publishing Limited, 2010

5.5 Example of a C-scan. The image shows the magnitude of the 
refl ection from the faying surface of a spot weld. Darker shades 
correspond to smaller echo amplitudes. This raw C-scan displays the 
pixilation inherent in the spatial resolution chosen for the raster 
pattern. (In many cases, such raw images are smoothed, increasing 
the apparent spatial resolution of the scans, by interpolating the pixel 
values.)

(Fig. 5.4b). The element size is constrained by beam spreading, which is 
proportional to the ultrasonic wavelength divided by width of the element. 
This places a practical limit on spatial resolution (pixel size). On the 
other hand, a passive array is electronically simple, requiring only a multi-
plexing interface to connect each element sequentially to the electronic 
pulser-receiver unit which generates the excitation pulse and records the 
echoes.

A second practical method for rapid ultrasonic mapping is provided by 
a phased, or active, array (Lupien, 2007; Shung, 2005; Macovski, 1979). In 
this method, the element dimensions are intentionally made smaller than a 
wavelength so that the ultrasonic beam from each element overlaps the 
beams from several neighbors, bringing into play the phenomenon of wave 
interference. By exciting several elements with prescribed small time delays 
relative to each other, the focal length of the resultant beam can be tailored 
as required by the application and, by varying the subset of elements that 
are excited, the beam can be translated electronically across the specimen 
(Fig. 5.4c). The synthetic aperture focusing technique can also be applied 
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(Ikeda et al., 2006). While a phased array is harder to build (owing to small 
element size) and requires more complex electronics to operate, it permits 
fi ner spatial resolution than a passive array. It also allows beam steering 
and active focusing, which will not be discussed here.

Various hybrid systems are possible. To avoid the cost of a two-dimen-
sional array, a one-dimensional array can be mechanically scanned in the 
perpendicular direction (Reverdy and Hopkins, 2004) or rotated about a 
central axis (Dasch, 2006) to cover the entire area of interest. Similarly, 
apparatus have been developed for scanning a focused transducer along a 
line without recourse to a water tank (Yuasa and Masazumi, 1996; Fleming 
and Clark, 2005).

Once an image has been generated, it can be analyzed to assess weld 
quality. Various algorithms attempt to extract directly from the C-scan an 
average diameter or an area that can be converted to an average diameter. 
For example, one can estimate the weld area by simply adding the area of 
all pixels for which the refl ection from the faying surface falls below some 
threshold level (Reverdy and Hopkins, 2004). Of course, an appropriate 
criterion for choosing the threshold must be developed. Because thresh-
olded images tend to be discontinuous, attempts have been made to obtain 
more consistent results by imposing physically based expectations of com-
pactness and contiguity onto the raw image. These include image processing 
algorithms like erosion and dilation (Reverdy and Hopkins, 2005) and 
algorithms that fi t the image to a geometrical form (Denisov et al., 2004). 
An alternative, less direct approach uses various features extracted from 
the image as inputs into a multiple regression model for weld size (Davis, 
2008; USAMP, 2009).

Ordinarily the analysis is based on echo amplitudes from the faying 
surface. Alternatively, one can attempt to capture information from the 
entire A-scan. One approach begins by Fourier transforming the rectifi ed 
A-scan and then computing the ratio of the heights of the frequency-
domain peaks corresponding to single-sheet and full-thickness echo timing. 
This ‘frequency ratio’ has been used as a proxy for interface refl ectivity 
(Reverdy and Hopkins, 2004).

The imaging methods described thus far place emphasis on a two-dimen-
sional planar image (C-scan) of the faying surface, the data for which rep-
resent a specifi c subset of the plethora of data contained in the multiple 
A-scans recorded by the array. An alternative approach presents the A-scans 
from a line of neighboring pixels with the time axis lying along the vertical 
coordinate. In such an image, called a B-scan, the horizontal coordinate 
corresponds to distance along the array, the vertical axis represents the 
depth into the weld and brightness corresponds to echo amplitude at a 
particular depth (Krautkramer and Krautkramer, 1990). While any indi-
vidual B-scan presents only a single cross-section through the weld, the 
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5.6 Example of a B-scan of a resistance spot weld. Brighter lines 
indicate greater refl ection amplitudes (courtesy of H Zhang and M 
Fleming, University of Toledo).

B-scan contains a wealth of information not contained in C-scans, revealing 
geometric variations in the depth of refl ecting features, as well as ampli-
tudes of several successive echoes (Fig. 5.6). The diameter of the bonded 
portion of the faying surface can be estimated directly from the B-scan, 
along with information about indentation depth and diameter. Voids can 
be detected, located and sized. Furthermore, it has been suggested that 
information from later echoes can be valuable for identifying stick welds 
(Zhang and Senkara, 2006).

5.5.2 Assessment of performance

An unresolved question is whether imaging lives up to its expectation of 
providing more accurate weld classifi cation. This question can be addressed 
using the concept of prediction uncertainty, σ, introduced in Section 5.4.3. 
Some estimates of σ for mild-steel coupon welds are given in Table 5.3. The 
fi rst two rows give ranges of ‘95% upper error margin at the threshold’ 
(roughly equivalent to 1.645 σ) over several combinations of sheet thick-
ness. Data were recorded using a one-dimensional phased array scanned 

Table 5.3 Comparison of prediction uncertainty for various ultrasonic imaging 
techniques and for single-element ultrasonic NDE of resistance spot welds

1.645 σ (mm) Data source

0.6 to 1.2 USAMP (2009); ignores indentation information
0.4 to 1.1 USAMP (2009), Davis (2008); includes indentation information
0.8 Commercial instrument based on Denisov et al. (2004)
1.0 Single-element method
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mechanically in the perpendicular direction and weld size was estimated 
using multiple regression. In the fi rst row, indentation data were excluded 
from the regression. These values may be overly optimistic, however, being 
based on regressions using all the welds; traditional statistical analyses 
would use a subset of the welds to generate a model that is subsequently 
tested against the remaining welds. The third row gives 1.645 σ computed 
by us for an extensive set of coupon welds measured by a commercial 
passive array and analyzed using a circle-fi tting algorithm. For these samples, 
strain was applied to the welds before inspection, in an attempt to destroy 
weak bonds. We do not have access to data from other imaging systems, 
although an examination of Fig. 7a in Lozev et al. (2008) suggests that 1.645 
σ for their coupons lies in a similar range. The last row repeats the results 
of the single-element study discussed at the end of Section 5.4.3.

Taken as a whole, Table 5.3 suggests that imaging methods as currently 
confi gured classify welds with reliability similar to that for the single-ele-
ment method. Stated differently, imaging does neither substantially better 
nor substantially worse. This conclusion is provisional because, on the one 
hand, the values in the fi rst two rows may be overly optimistic and, on the 
other hand, as explained in Section 5.4.3, the value in the fourth row may 
not have captured the ultimate capability of the single-element method. In 
our opinion, the issue of the comparative reliability of imaging and single-
element methods remains unresolved. Much value would be derived from 
a direct comparison of single-element and imaging approaches on the same 
set of specimens.

The fact that ultrasonic imaging does not do convincingly better than the 
single-element method might seem surprising, considering its substantially 
greater sensitivity to small refl ections from an imperfectly bonded faying 
surface. We should consider why imaging does not do better than it does. 
Some careful investigations using acoustic microscopy provide empirical 
evidence that the increase in sensitivity associated with fi ner spatial resolu-
tion, while sizeable, is insuffi cient to detect reliably a weakly bonded 
interface.

Scans of as-made spot welds using a typical inspection frequency of 
15 MHz (Potter et al., 2006) and using higher frequencies (Chertov and 
Maev, 2007) failed to distinguish reliably between the central, well-fused 
nugget and a corona of a weakly bonded interface. Accordingly, ultrasonic 
imaging tends to overestimate nugget diameter. Scans using a 100-MHz 
transducer of a spot weld that was polished to prevent distortion of the 
A-scans by the indentation and surface unevenness (Potter and Ghaffari, 
2007) also failed to identify weakly bonded interface reliably. We conclude 
that the sensitivity of imaging methods for the combinations of ultrasonic 
frequency and spatial resolution used to date remains inadequate to the 
task of discriminating weak bonds from the nugget on a pixel-by-pixel basis.
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As currently confi gured, imaging methods tend to classify welds without 
regard to attenuation. In contrast, attenuation information is critical for 
successful classifi cation by the single-element method. Yet the two methods 
yield similar values of prediction uncertainty. In light of the conclusion of 
the previous paragraph, we should consider why imaging methods do as 
well as they do. We speculate that pixel-to-pixel variation in a C-scan con-
tains clues about the condition of the faying surface that cannot be obtained 
by considering the A-scans individually. A low-variation area in the image 
is likely to correspond to a highly uniform region, such as the nugget, while 
areas exhibiting higher variation may arise from imperfectly bonded regions 
of the faying surface containing a complex, spatially varying microscopic 
structure (Potter et al., 2006; Potter and Ghaffari, 2007). This additional 
information embedded in images happens to produce a similar level of 
classifi cation reliability as does the indirect information from dephasing in 
the single-element method.

Imaging approaches are able to extract information about indentation 
depth and shape that may provide valuable input for identifi cation of stick 
welds. The use of indentation depth as a quality indicator is somewhat 
controversial in the automotive industry because indentation depth can 
vary for welds of similar strength or button size (RWMA, 2003) and because 
most manufacturers specify limits to allowable indentation depth. Nonethe-
less, welds having more than minimal indentation are unlikely to be stick 
welds. Thus the diffi culty of identifying stick welds leads to the pragmatic 
choice to use indentation depth as an indirect indicator of weld quality in 
many inspection procedures.

As a practical consideration in comparing inspection regimens, values of 
σ obtained from production parts tend to be larger than those from coupons 
because production parts exhibit sources of variation not found with 
coupons. For example, using data from the passive array referred to in row 
3 of Table 5.3, we obtained 1.645 σ = 0.8 mm for coupons and 1.645 σ = 
1.7 mm for production welds made in tandem with the coupons. Westgate 
(1993) has made a similar observation. This consideration is important when 
assessing the capability of a particular inspection regimen under plant 
conditions.

Apart from the question of classifi cation reliability, ultrasonic imaging 
presents several distinct benefi ts. Foremost is the ability to determine the 
size of spot welds in various sheet thickness combinations using a single 
transducer; in contrast, single-element inspection requires matching the 
transducer to the desired weld size. Imaging provides auxiliary geometric 
data, including indentation depth and shape and electrode orientation 
(Hopkins et al., 2009). Indentation information, as mentioned above, can 
improve classifi cation reliability and electrode orientation could provide 
useful process feedback. Imaging can detect localized fl aws, like cracks and 
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pores, and can determine whether they are located in critical regions of the 
weld. An active array could, in principle, steer its beam to compensate for 
geometric imperfections like tilted electrodes or to optimize sensitivity to 
cracks. Finally, human inspectors intuitively grasp the information con-
tained in images, easing acceptance into the manufacturing environment.

5.6 Additional materials and welding techniques

5.6.1 Other metals

The technique for resistance spot welding of aluminum, advanced high 
strength steels (AHSS) and other metals is qualitatively the same as for 
welding mild steel. The welder applies force, current and time within the 
range experimentally determined to be appropriate for the material. Though 
quantitative details differ, the optimal end result of an appropriate welding 
schedule is an adequately sized nugget joining the sheets. Consequently, the 
techniques for ultrasonic testing of spot welds in these materials are quali-
tatively the same as in mild steel (Spinella et al., 2005; Sokolowski et al., 
2006; Shellberg and Sokolowski, 2008). In the single-element method, detec-
tion of intermediate echoes and use of attenuation to distinguish stick welds 
remain the cornerstones of the method. Likewise, imaging techniques for 
aluminum and AHSS are basically the same as for mild steel (Lozev et al., 
2008; Zhang and Senkara, 2006).

Aluminum and AHSS do differ in some ways that are relevant to ultra-
sonic testing. One difference is their increased tendency to form internal 
voids and cracks when welded (Sokolowski et al., 2006; Zhang and Senkara, 
2006). Although welding practices exist that substantially reduce formation 
of voids and cracks, given the propensities of the materials and the cost 
sensitivity of automotive production, a successful NDE regimen must be 
prepared to encounter such fl aws. When voids are confi ned to the center 
of the nugget, they have a minor impact on weld strength (RWMA, 2003; 
Thornton et al., 1996). Single-element detection of voids was discussed in 
Section 5.4. The lateral position of the fl aw cannot, however, be determined 
using the single-element method. In this respect, ultrasonic imaging pres-
ents a distinct advantage (Hopkins et al., 2009; Zheng and Senkara 2006; 
Lozev et al., 2008).

As for cracks, their orientation affects their detectability because the 
apparent size of a crack in ultrasonic inspection is roughly proportional to 
its projection onto the faying surface. The ability of a phased array to steer 
its beam into the weld at an angle raises the possibility of detecting cracks 
oriented in such a way as to be invisible to a normally incident beam.

Advanced high strength steels also differ from mild steel in their ten-
dency to fail interfacially; that is, without pulling a button (Chuko and 
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Gould, 2002; AWS, 2007). Thus interfacial failure during destructive testing 
does not necessarily indicate that the weld is unsatisfactory. This can present 
a problem when correlating non-destructive test results with destructive 
tests, if the personnel involved are not sensitive to this issue. In short, if a 
destructive test fails to pull a button from a weld that ultrasonic testing 
called satisfactory, the ultrasonic test is not necessarily wrong.

5.6.2 Other methods of spot welding

Alternative joining techniques are being developed for materials novel to 
automobile production. These include ultrasonic spot welding (USW) for 
aluminum and spot friction welding for various metals.

Ultrasonic spot welding is performed by applying a brief burst of 
extremely intense transverse vibrations through two welding tools that 
clamp the sheets together (Hetrick et al., 2005). A rubbing action breaks up 
oxides between the sheets, allowing the clean, plastically deformed faying 
surface to bond.

Ultrasonic spot welds have been inspected in a laboratory environment 
using an ultrasonic imaging technique (Ghaffari et al., 2005). To prepare 
suitable surfaces for inspection, the test specimens were fl attened by grind-
ing away the jagged indentations left by the welding tools. Lap-shear 
strength was found to correlate well with ‘weighted ultrasonic contact area’, 
a metric derived from C-scans of the faying surface. Imaging has provided 
useful feedback during subsequent development of the ultrasonic welding 
process for automotive aluminum sheet (Ward et al., 2006). The technique 
is not suited to a production environment, however, because of the need to 
fl atten the surfaces before imaging the weld.

The problem of inspecting an ultrasonic spot weld through the coarsely 
indented surface can be evaded by performing the inspection simultane-
ously with the welding process, thus taking advantage of the intimate con-
formance between the sheets and the welding tools. The amplitude of 
ultrasonic pulses transmitted between the welding tools increases as the 
welded area grows. The amplitude at the end of welding correlates well with 
the lap-shear strength of the welds (Ward et al., 2006).

Spot friction welding (SFW) is a variant of friction stir welding in which 
a rapidly spinning tool is ‘plunged’ into the sheets. Welding results from 
mechanical intermixing of the sheet materials aided by severe plastic defor-
mation and friction-generated heat (Pan, 2007). Issues related to SFW 
quality include ensuring adequate penetration of the mixed zone and 
detecting kissing bonds. Lap-shear strength of SFW welds varies non-mono-
tonically with plunge time or fi nal depth of the tool. Strength increases 
initially as mixing becomes more extensive, subsequently decreasing as 
overwelding introduces weld fl aws.
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Spot friction welds have also been inspected using an ultrasonic imaging 
technique (Ghaffari, 2007). A metric related to the size of the bonded area, 
derived from C-scans of the faying surface, correlates well with the non-
monotonic strength variation. Because one surface of the weld remains 
smooth and relatively fl at, inspections of production parts using this tech-
nique have obtained promising results. As with USW, imaging has also 
provided useful feedback during development of this welding process.

5.7 In-process ultrasonic monitoring

A dramatically different approach, described as in-process, in situ or real-
time, monitors weld formation throughout the welding process. Section 5.3 
mentioned real-time monitoring of process variables, weld temperature, 
Lamb waves and acoustic emission. In-process ultrasonics will be explained 
here.

In-process ultrasonics is motivated by a number of potential benefi ts. The 
good conformance between electrodes and sheets that occurs naturally 
during welding ensures good coupling of ultrasound and reproducible align-
ment. No operator intervention is required to manipulate ultrasonic trans-
ducers. Assurance of having made a satisfactory weld is immediate and 
its real-time nature raises the possibility of actively controlling welding 
current or time based on information contained in the signals. Perhaps the 
most important motivation, though, derives from the wealth of information 
that becomes available by observing the behavior during the welding 
process, as the metal melts and resolidifi es, instead of just examining the 
fi nal result.

A prerequisite for in-process ultrasonic inspection is making provision 
for generating and receiving ultrasound through the welding electrodes. 
Attaching the transducer to the back of the welding electrode (Burbank 
and Taylor, 1965) provides the best ultrasonic coupling but converts a com-
modity electrode into an expensive and delicate piece of equipment, 
replacement of which is more time consuming and complicated. Alterna-
tively, the transducer may be mounted in the cooling water behind the 
electrode (Matting and Wilkens, 1965), which permits electrodes and trans-
ducers to be replaced independently of one another (Deutsch and Wilkens, 
1968) but introduces complexity into the propagation path. For transverse 
or torsional waves, the transducers can be mounted externally on the elec-
trode shank (Müller and Waschkies, 2002; Batzinger et al., 2007; Waschkies, 
2008), permitting easy access and replacement. It is not yet clear which 
approach will prove to be most practical. Transducers can be attached to 
either one or both electrodes. A single transducer allows refl ection experi-
ments, analogous to single-element post-process inspection. Using two 
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transducers permits refl ection measurements from both sides and transmis-
sion in one or both directions, offering additional information along with 
some degree of cross-checking capability.

The most important capability offered by in-process ultrasonic monitor-
ing lies in confi rming adequate nugget penetration, to circumvent the stick-
weld issue. Differences in density and speed of sound between molten and 
solid metal cause refl ections from solid–liquid boundaries. In transmission 
confi guration, refl ections at the boundaries of the molten metal reduce the 
amplitude of the transmitted signal. To make use of amplitude changes, 
other factors affecting amplitude must also be understood. The effi ciency 
of transmission of sound through the metal-to-metal contacts between the 
electrodes and the sheets varies with the degree of conformity between the 
surfaces, which is infl uenced by temperature, pressure and plastic deforma-
tion (Burbank and Taylor, 1965; Murray, 1967; Deutsch and Wilkens, 1968). 
Because sound travels slower in the liquid metal, the elliptical molten zone 
acts as a lens, changing the received amplitude through its focusing effect 
(Roden, 1968). Also, the amplitude is affected by interference effects and 
temperature-dependent attenuation.

Because of these complexities, echo timing is a valuable technique for 
interpreting the state of the weld. In the refl ection confi guration, the echo 
from the solid–liquid boundary arrives sooner as penetration increases and 
the boundary moves closer to the electrode tip (Crecroft and Warner, 1969). 
Total penetration could be estimated by using refl ections from both sides. 
In transmission confi guration, arrival of ultrasonic pulses is delayed by an 
amount proportional to weld penetration because sound propagates more 
slowly in the molten metal (Chertov and Maev, 2004).

Because transversely polarized ultrasound does not propagate through 
liquids, the molten zone blocks transmission of transverse waves. As the 
molten zone grows in the plane of the sheets, the blockage increases, permit-
ting estimation of the nugget diameter from the reduction in transmitted 
amplitude (Batzinger et al., 2007). This effect cannot be used to estimate 
penetration directly, however, because a thin molten zone blocks transverse 
sound as well as does a thick zone. Penetration can be estimated by noting 
the time interval during which sound is blocked: greater penetration implies 
a longer time in the molten state and thus a longer interval during which 
transmission of transverse sound is reduced. Alternatively, penetration 
could be measured in the refl ection confi guration by using refl ections from 
both sides, as mentioned in the previous paragraph.

Besides nugget size, additional information may be gleaned from in-
process ultrasonic signals. If melting of the zinc layer or phase transitions 
in the cooling nugget can be observed from sudden amplitude variations, 
the timing of these events could provide useful clues about the welding 
process. Moreover, as in post-process inspection, cracks and voids cause 
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extra echoes and infl uence signal amplitude in the completed weld before 
it is released from the welder.

In-process ultrasonic monitoring systems have recently become commer-
cially available. Two systems use longitudinal waves (Vogt et al., 2006; Stocco 
et al., 2008) and a third uses transverse waves (Müller and Waschkies, 2002). 
Plant trials have been performed to investigate issues such as reliability of 
detecting unsatisfactory welds, robustness of instrumentation under condi-
tions in mass-production facilities and the balance between capital and 
maintenance costs on the one hand and quality and warranty savings on 
the other. If ultrasonic signals are used for active process control, there is 
also the issue of whether the parameters that can be controlled are ade-
quate to the task. In case of surface contamination, more current or a longer 
weld time may be suitable. In case of poor part fi t-up, on the other hand, 
increased current or weld time may simply cause a badly burnt weld.

5.8 History and future trends

The earliest documentation of spot-weld ultrasonic testing known to us is 
a patent issued to The Budd Company (Tarbox and Callender, 1948). It 
disclosed an in-process method involving transmission of low-frequency, 
continuous-wave ultrasound between the welding electrodes with the goal 
of detecting defective welds immediately after the weld was made.

After a 15-year gap, a major fl urry of activity occurred. Several groups 
investigated in-process techniques using pulsed ultrasound (Burbank and 
Taylor, 1965; Matting and Wilkens, 1965; Deutsch and Wilkens, 1968; Murray, 
1967; Roden, 1968; Crecroft and Warner, 1969). During the same decade, 
the fi rst discussions of post-process inspection appeared (Cram and Dodge, 
1963; Anonymous, 1966; Pittaway, 1967; Heffan et al., 1967). Also, the fi rst 
ultrasonic images of spot welds were made (Muenow, 1965). By 1971, suf-
fi cient literature had accumulated to warrant publication of a review article 
(Hall and Crecroft, 1971) covering post-process and in-process ultrasonic 
methods along with acoustic emission. The plethora of approaches is indica-
tive of the demand for resistance spot-weld NDE.

The technique employed for the inspection of steel spot welds by Fisher 
and Ludlow Ltd. (Anonymous, 1966) and its successor company, Pressed 
Steel Fisher Ltd. (Pittaway, 1967) already incorporated the essential fea-
tures of the post-process technique in most common use today. A trans-
ducer, matching the desired weld size and coupled to the weld through a 
water path, was operated in the refl ection confi guration; the absence of 
intermediate echoes was interpreted as indicating adequate weld diameter 
and the observation of increased attenuation was taken to verify adequate 
weld penetration. At nearly the same time, spot welds in aluminum sheet 
were also examined (Heffan et al., 1967).
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Prior to these publications, plant trials had been undertaken in 1965/66 
at several Ford plants in the USA, UK, Belgium and Germany (Dodge, 
2009). The trials incorporated an ultrasonic transducer with a captive water 
column, designed by Automation Industries. An analogue integrating circuit 
produced a readout proportional to total energy in the A-scan. This work 
was neither patented nor published because of concerns about losing com-
petitive advantage. We suspect that the technique spread to other compa-
nies through the efforts of Automation Industries to sell its transducers and 
instruments.

The Ford trials were abandoned after about a year for reasons that may 
sound eerily familiar to present-day NDE practitioners. Feedback from the 
ultrasonic test was not considered to be suffi ciently rapid. The poor surface 
condition of many production welds, resulting from over-welding and lax 
tip dressing, made ultrasonic testing diffi cult, yet production personnel were 
not eager to address these issues, especially because the sparks resulting 
from expulsion were taken as evidence of successful welding. Furthermore, 
the inspection supervisors were spread too thin to maintain adequate train-
ing and support.

In the early days, ultrasonic testing of spot welds seems to have found 
limited use. Hall and Crecroft (1971) wrote ‘This method has been very 
successful in quality control, particularly in the automotive industry’, pre-
sumably alluding to efforts at Fisher. Nevertheless, we have found little 
additional evidence of its use other than in niche applications (Papadakis, 
1976).

Single-element, post-process inspection of spot welds reappeared in the 
literature in the mid 1980s (Allen, 1986; Midora, 1987; Mansour, 1988). 
While the principles on which the inspection was based remained unchanged, 
technical improvements had gradually accumulated. Improved high-fre-
quency transducers permitted interrogation of welds in the thinner-gauge 
sheet used in body construction. Robust, compact instrument packaging 
was better adapted to severe manufacturing environments. Widespread 
efforts to introduce routine spot-weld ultrasonic testing were made at this 
time, in particular at Ford and General Motors. Despite the improvements, 
these trials suffered similar impediments: the time interval between welding 
and testing, lack of acceptance by tradition-bound plant personnel and 
insuffi cient resource dedication. While ultrasonic testing of spot welds has 
persisted in European plants on a relatively continuous basis (Kaminski, 
1997), the implementation and support of the technique has been inconsis-
tent in North America.

Perhaps the principal impediment to continued utilization of ultrasonic 
NDE was the diffi culty of identifying stick welds (Hain, 1988; Westgate, 
1993; Utrata, 1998). While this diffi culty already existed with uncoated steel, 
increasing use of galvanized material in automobile construction exacer-
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bated the problem (Kaminski, 1997). Successful identifi cation of stick welds 
was dependent on the expertise and dedication of the inspectors. Over the 
last decade or so, the surge in computing power has led to improved algo-
rithms providing valuable assistance to the inspectors, with a corresponding 
expansion in the use of ultrasonic inspection (Hawkins and Rabinovich, 
2005; Sokolowski et al., 2006; Register and Servent, 2009). Nonetheless, the 
single-element technique has not convincingly shown an ability to detect 
stick welds reliably under all circumstances.

In response to this state of affairs, a signifi cant research effort has been 
spent in complementary directions. Imaging techniques, which attracted a 
low level of interest two decades ago (Adams, 1984; Adams, 1985; Satonaka 
et al., 1989; Wüstenberg et al., 1990), have recently spawned the major 
research efforts discussed in Section 5.5. Renewed interest in in-process 
methods has led to the commercial products mentioned in Section 5.7. 
Meanwhile, a fully automated single-element, post-process approach involv-
ing robotic transducer placement and orientation is undergoing trials (Reg-
ister and Servent, 2009).

The current status of ultrasonic testing in the automotive industry for 
resistance spot welds in mild steel is mixed. Ultrasonic testing is used exten-
sively in Europe. The situation in Japan is not known to us. Some North 
American manufacturers and suppliers use ultrasonic testing; others do not. 
Of those who do, most use the single-element technique, although ultra-
sonic imaging is beginning to win a segment of the market. While the trend 
seems to be upward, pry-bar testing still dominates in many plants because 
it is quick, and thus inexpensive, and stick welds are readily identifi ed.

At present, the major driver for increased use of spot-weld ultrasonic 
testing is the proliferation of non-pryable welds. Among these are welds in 
advanced high-strength steels, in aluminum and in combination with adhe-
sive. We expect this trend to expand, along with continuing research, devel-
opment and deployment of ultrasonic imaging and in-process monitoring 
systems. It remains to be seen whether the advantages of the more complex 
imaging and in-process inspection systems justify their cost.

5.9 Conclusions

The longstanding challenge in post-process spot-weld ultrasonic testing has 
been detection of stick welds and of small nuggets surrounded by a corona 
of weak bonding. While observation of ultrasonic interface echoes unam-
biguously reveals the presence of unbonded or weakly bonded regions 
within the ultrasonic beam, the converse does not hold, allowing weakly 
bonded interface to masquerade as nugget. Successful ultrasonic classifi ca-
tion of spot welds requires the use of additional data.
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In the single-element method, apparent attenuation provides this addi-
tional information. The larger attenuation observed in satisfactory welds 
was originally attributed to increased scattering by the coarse grain struc-
ture in the nugget. Recent experiments contradict that interpretation, at 
least for mild steel. It appears that the increased attenuation commonly 
observed in satisfactory welds is caused instead by secondary effects, such 
as dephasing of the ultrasonic wave from weld surface unevenness. While 
these secondary effects undoubtedly provide useful information about weld 
quality, the evidence derived from them is largely indirect. Being indirect, 
the strength of the correlation with weld quality varies with factors like 
indentation shape and electrode age. These factors need to be fully appreci-
ated and accounted for to attain the utmost capability of ultrasonic spot-
weld testing.

Compared to single-element inspection, ultrasonic imaging techniques 
offer spatial resolution with a consequent sensitivity enhancement. The 
hope that these capabilities would resolve the diffi culty of identifying weak 
bonds has not been realized, the sensitivity of current systems being insuf-
fi cient to the task. A substantial improvement in sensitivity would require 
sizeable increases in frequency and spatial resolution, which might not be 
practical in the plant environment. Nevertheless, imaging offers classifi ca-
tion reliability comparable to single-element inspection, along with the 
additional advantages mentioned in Section 5.5.

In the long run, it would be desirable to develop an inspection technique 
(not necessarily ultrasonic) that directly detects the presence of nugget. For 
steel welds, direct detection of the spatial distribution of martensite is a goal 
worth pursuing. Modern electromagnetic imaging techniques may provide 
a route towards this goal. On the other hand, successful implementation of 
in-process ultrasonic techniques would resolve the stick-weld issue and 
make post-process detection of nugget superfl uous.

For now, post-process ultrasonic testing remains the best non-destructive 
method available for spot welds. Recognizing that this technique provides 
insuffi cient information to determine nugget diameter and penetration with 
certainty, inspection protocols must be adapted to make the best use of any 
additional information that can be procured. The most valuable additional 
information comes from the ultrasonic signatures and corresponding weld 
quality for similar welds, particularly for welds made previously by the same 
welding apparatus in the same weld location on a prior part. Idiosyncrasies 
of particular welding machines or of welds in particular locations on a 
component introduce unique variations into the ultrasonic signatures. Com-
paring signatures from the weld in a particular location on successive parts 
permits such idiosyncrasies to be compensated. In an inspection protocol 
based on this principle, the goal shifts from spotting unsatisfactory welds to 
detecting changes in the signals from particular weld locations over time, 
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which provides early warning of degradation in the welding apparatus or 
setup. By enabling trend monitoring in this way, NDE emphasis switches 
from fi nding and removing unsatisfactory welds to preventing such welds, 
thus transforming what some might deem an undesirable cost of manufac-
turing into a value-adding process.
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6
Solid state joining: fundamentals of friction 

stir welding

K. J. C O L L I G A N, Concurrent Technologies Corporation, USA

Abstract: This chapter introduces the basic concepts relevant to the use 
and study of friction stir welding, including an overview of the process, a 
comparison to arc welding processes, a discussion of welding tool design 
and materials, the effect of process parameters, workpiece materials and 
joint geometries. References are given to point to early contributions in 
the various areas of study and to the latest progress in the fi eld.

Key words: friction stir welding, joining, solid state joining.

6.1 Overview of process principles

Friction stir welding (FSW) produces welds by using a rotating, non-
consumable welding tool to soften a workpiece locally , through heat pro-
duced by friction and plastic work, thereby allowing the tool to ‘stir’ the 
joint surfaces. The dependence on friction and plastic work for the heat 
source precludes signifi cant melting in the workpiece, avoiding many of the 
diffi culties arising from a change in state, such as changes in gas solubility 
and volumetric changes, which often plague fusion welding processes. 
Further, the reduced welding temperature makes possible dramatically 
lower distortion and residual stresses, enabling improved fatigue perfor-
mance, new construction techniques and making possible the welding of 
very thin and very thick materials. Owing to the typically high forces in the 
process, FSW is usually practiced as a fully mechanized process, increasing 
the cost of the equipment compared to arc welding techniques, while reduc-
ing the degree of operator skill required. FSW has also been shown to 
eliminate or dramatically reduce the formation of hazardous fumes and 
reduces energy consumption during welding, reducing the environmental 
impact of the joining process. Further, FSW can be used in any orientation 
without regard to the infl uence of gravitational effects on the process. These 
distinctions from conventional arc welding processes make FSW a valuable 
new manufacturing process with undeniable technical, economic and envi-
ronmental benefi ts.

Central to the FSW process is the design of the welding tool, shown 
schematically in Fig. 6.1. Many variations and new features have been added 
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to this basic tool, as will be discussed further below. Conventional FSW, as 
the process was originally conceived, is done with a welding tool consisting 
of a shoulder, which rides on the surface of the workpiece, and a smaller 
diameter pin, which nearly penetrates the workpiece. The shoulder essen-
tially performs the role of the ‘lid on the pot’, which prevents the escape of 
softened workpiece material as the tool is rotated and forced along the 
joint. The pin commonly employs thread-shaped features which act to push 
the surrounding workpiece material downward, assisting in the retention of 
material within the weld zone. The downward force applied to the tool to 
maintain the correct plunge depth also results in forcible contact between 
the shoulder and the workpiece surface and relative motion from the tool 
rotation results in signifi cant heat generation from friction at the shoulder 
interface.

In conventional FSW, the pin accomplishes the breakup of the original 
faying surfaces of the joint. For this reason, the pin must penetrate to within 
0.5 mm of the back of the workpiece to ensure complete penetration of the 
weld through the workpiece. Features cut into the pin surface, originally 
demonstrated as downward-pushing screw threads, prevent the formation 
of pores or voids in the weld. The pin generates heat both by friction and 
plastic work, and both seizure and sliding contact have been observed and 
predicted by modeling results. The design of the pin and shoulder has been 
an area of intense research since the conception of FSW, which has resulted 
in improvement in throughput, joint strength and weld quality, and in the 
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6.1 Conventional FSW tool and key variables.
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range of materials, joint geometries, welding parameters and workpiece 
thickness that can be welded.

A transverse section from a typical, conventional FSW join is shown in 
Fig. 6.2. The weld is bounded on either side by unaltered base metal (BM). 
Although BM near the weld zone does experience elevated temperature 
during welding, this material exhibits essentially the same properties as the 
workpiece in the as-received condition. Closer to the weld is the heat 
affected zone (HAZ), which is heated suffi ciently during welding to alter 
its properties without plastic deformation of the base metal’s original grain 
structure. The alteration of properties in the HAZ may include changes in 
the strength, ductility, corrosion susceptibility and toughness of the work-
piece, but typically will not include changes in grain size or chemical makeup. 
Heating in the HAZ is generally high enough in aluminum alloys to result 
in recovery of cold work and coarsening of precipitates, which is the root 
cause of changes in properties in this region.

The thermomechanically affected zone (TMAZ) encompasses all of the 
plastically deformed material within the joint region. In this region, the 
workpiece is suffi ciently heated and softened and the process forces are 
suffi ciently high to result in plastic deformation of the original grain struc-
ture. The TMAZ can be further divided into the unrecrystallized TMAZ 
and the nugget, or recrystallized TMAZ. In aluminum alloys, the unrecrys-
tallized TMAZ may be an important feature in the weld, since it can be of 
signifi cant size and can represent a region of low microhardness and 
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TMAZ
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metal 

HAZ

6.2 Typical conventional FSW transverse section in 25.4-mm thick 
2195 aluminum–lithium plate.
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increased corrosion susceptibility. Further, in aluminum alloys the nugget 
material is generally composed of fi ne grain size material and is considered 
to have experienced severe plastic deformation caused by interaction with 
the welding tool pin and in some cases may actually mimic the shape of the 
pin profi le. However, in materials that experience thermally induced phase 
transformation, the TMAZ may consist entirely of recrystallized material, 
while in other materials the TMAZ may be completely unrecrystallized, 
without regard to the size or shape of the pin.

Conventional FSW is typically carried out by fi rst rigidly fi xing the plates 
to be joined in a welding fi xture, as shown in Fig. 6.3. The plates are typically 
fi xed with no gap at the joint line. The process requires that the workpieces 
be prevented from spreading or lifting during welding, so welding fi xtures 
are typically equipped with features which restrain the workpiece. It is 
common for FSW fi xtures to be equipped with a removable anvil insert, 
which can be replaced in the event of inadvertent damage to the anvil from 
contact with the welding tool pin. Since the anvil insert is very closely 
coupled to the workpiece at the point of welding in terms of heat transfer, 
it is important to consider the mass and diffusivity of the anvil insert when 
designing FSW fi xtures.

The FSW process can be thought to consist of three phases: the plunge 
phase, where the weld is initiated, the main phase, where the weld is made 
and the termination phase, where the welding tool is withdrawn from the 
workpiece. The properties of the weld produced are, of course, dependent 
on the process parameters selected for each phase of the weld, so great care 
must be taken in establishing these settings.

The plunge phase consists of inserting or ‘plunging’ the rotating welding 
tool into the joint. This is typically accomplished by commanding the 
welding system to drive the tool pin axially into the workpiece at a specifi c 
rate or with a specifi c force. Frictional heating and pressure at the end of 
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6.3 Conventional FSW fi xture requirements.
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the pin induce workpiece material to displace, forming a ring of expelled, 
plastically deformed material around the pin as the pin enters the work-
pieces. As the tool is plunged into the joint, the heat generated is conducted 
into the surrounding material and the anvil. The plunge phase may be 
facilitated by drilling a hole at the plunge location, reducing the heat and 
forces produced. Alternatively, the welding tool may be plunged into the 
side of the workpiece, although this approach is less commonly applied. 
Once the welding tool is plunged into the workpiece, the tool is typically 
driven laterally along the join without delay, although in some materials, it 
may be necessary to dwell at the plunge location for some time in order to 
allow the welding tool and workpiece to reach a higher temperature.

Once the welding tool begins to travel along the joint, friction and plastic 
work produce heat to maintain suffi cient softening in the workpiece to 
permit material fl ow around the pin. Features cut into the pin surface, such 
as screw threads, fl ats and spiral grooves, facilitate this material fl ow by 
increasing drag between the pin and the surrounding material in such a way 
as to prevent the formation of internal voids or fractures. Heat from the 
welding process is conducted within the workpiece, serving to precondition 
the material in front of the tool, producing softening from recovery of work 
hardening and overaging in materials such as aluminum. This metallurgical 
alteration may be slight, such as when welds are made at very high travel 
speed, or it may dramatically soften the workpiece. As this preconditioned 
workpiece material interacts with the features cut into the welding tool, the 
material is rapidly deformed and heated by quasi-adiabatic friction and 
plastic work, raising the temperature to near the solidus temperature, but 
macroscopically not above it. Simultaneously, this material is pulled around 
the welding tool and deposited behind it in a way that prevents the forma-
tion of voids.

It should be noted that the main phase of the weld can be thought of as 
consisting of an initial period, where the temperature distribution within 
the welding tool and workpiece is being established, a steady-state period, 
where the temperature distribution is stabilized and a terminal period, 
where the temperature distribution is altered by the approaching workpiece 
boundary. Depending on the welding conditions, the initial and terminal 
periods may be of different durations and may or may not practically infl u-
ence the joint produced.

As the welding tool arrives at the end of the joint, forward motion of the 
tool is typically stopped and the tool is withdrawn from the workpiece, 
leaving a keyhole at the end of the weld. Alternatively, the tool can be run 
out the end of the workpiece, producing a tear-out. In either case, the end 
of the weld is generally not usable and must be trimmed away by sawing 
or machining. For this reason, it is common to use run-on and run-off tabs 
at the ends of the joint to facilitate trimming the unusable material.
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6.2 Comparison to other welding processes

Comparison of FSW to other welding processes is typically done within the 
context of justifying the use of the process over other, more conventional 
techniques. Successful application of FSW depends upon a clear under-
standing of the characteristics of the process, so that favorable technical and 
economic justifi cation can be developed. The details of each welding appli-
cation will dictate the basis for the justifi cation, so in this section the many 
considerations for technical and economic justifi cation of FSW implemen-
tation will be described.

6.2.1 Technical justifi cation of friction stir welding

The unique, favorable characteristics of FSW compared to traditional arc 
welding methods provide several sources of technical justifi cation for use 
of the process. One key for successful implementation of the process is a 
clear understanding of the technical improvements offered by FSW, bal-
anced against the requirements of the process.

The main points for technical justifi cation of FSW compared to arc 
welding processes are:

• improved weldability
• reduced distortion
• reduced residual stress, improved fatigue, corrosion and stress corrosion 

cracking performance
• improved cosmetic appearance
• elimination of undermatched fi ller metal
• improved static strength and ductility
• mechanized process
• high robustness, few process variables.

Each of these technical justifi cations must be balanced against the unique 
technical requirements of the process, such as:

• mechanized process
• special fi xture requirements
• joint design limitations
• keyhole at end of weld.

Each of these technical points will be discussed briefl y, followed by a 
discussion of the economic justifi cation issues in the following section.

Improved weldability

Since FSW is a solid state process, weldability in certain materials can be 
improved. This is especially the case in certain aluminum alloys. Some alu-
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minum alloys or material forms, such as castings, are diffi cult or impossible 
to weld by traditional arc welding processes owing to problems with the 
formation of brittle phases and cracking. For these alloys, weldability alone 
may be suffi cient to form a justifi cation for the use of FSW over conven-
tional arc welding or other joining techniques, such as mechanical fasteners. 
Further, FSW makes possible the joining of some dissimilar alloys, which 
can be of signifi cant benefi t in certain applications.

Reduced distortion

The reduced peak temperature reached in FSW compared to arc welding 
processes also generally leads to reduced longitudinal and transverse distor-
tion, although FSW weldments are certainly not free of residual stress. The 
balance of residual stress in FSW can result in essentially fl at weldments in 
materials of virtually any practically weldable thickness, although this is 
affected by welding tool design, joint design, welding parameters and fi xture 
design. This characteristic of FSW makes possible new methods of construc-
tion and can signifi cantly affect the total cost of manufacturing an assembly 
through reduced fi t-up problems and secondary machining operations.

The earliest production applications for FSW were based on its use for 
making products from extruded aluminum shapes, as shown in Table 6.1. 
The business model for these applications was based on the use of FSW to 
produce very fl at, integrally stiffened assemblies from relatively narrow 

Table 6.1 Chronology of production applications for FSW, until 2004

Year Application Company

1995 *Hollow heat exchangers Marine Aluminum, Norway
1996 *Commercial shipbuilding Marine Aluminum, Norway
1998 Delta II rockets Boeing, USA
1999 *Commercial shipbuilding Sapa, Sweden
2000 *Automotive components Sapa, Sweden
2000 Laser system housings General Tool, USA
2001 *Motor housings Hydro Aluminum (formerly Marine 

Aluminum), Norway
2001 *Automotive components Showa, Japan
2001 *Train bodies Hitachi, Japan
2002 *Automotive components Tower Automotive, USA
2003 Aircraft structure Eclipse, USA
2003 *Commercial shipbuilding Advanced Joining Technologies, USA
2004 Space shuttle external tanks Lockheed Martin, USA
2004 Food trays RIFTEC, Germany

* Denotes welding of extrusions.
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aluminum extrusions. In this case, FSW was justifi ed, based on the fact that 
had arc welding processes been used, the weldments would have been so 
distorted as to render them unserviceable.

Improved fatigue, corrosion and stress corrosion cracking performance

The reduced maximum temperature and residual stress also can lead to 
improved performance under cyclic loading conditions.1–3 Typically, joints 
produced by FSW have fatigue strength that is higher than arc welded 
fatigue strength, but below base metal strength. FSW joints that are 
machined after welding have been shown to approach base metal fatigue 
strength. FSW has been justifi ed on the basis of fatigue performance, in 
concert with economic factors, over the use of mechanical fasteners, such 
as in its use on the Eclipse aircraft4 and in other aerospace applications.1,3,5,6 
The reduced residual stress and peak temperature can also improve general 
corrosion and stress corrosion cracking problems in aluminum alloys. 
Although this is not generally suffi cient as a driver to justify the use of the 
process, it could in some long service life applications prove to be an 
enabling technology.

Improved cosmetic appearance

The root side of conventional friction stir welds has been shown to be 
extremely smooth and fl at in a variety of materials and thicknesses. After 
painting, the root side of the joint can be virtually invisible. This has played 
a role in justifying the use of the process over other joining processes in 
commercial shipbuilding, in aircraft manufacture and in the production of 
food trays.

Elimination of under matched fi ller metal

In some materials there are no available fi ller metals for arc welding that 
match or exceed the strength of the surrounding base metal. However, FSW 
is an autogenous welding process, obviating the need for fi ller metals. In 
these materials it has been demonstrated that improved joint strength and/
or ductility can be achieved with FSW over arc welding processes. The 
elimination of fi ller metal in FSW also leads to cost avoidance by eliminating 
the need for a wire feeding system and improved joint consistency by elimi-
nating problems with wire feeding that can occur in arc welding processes.

Improved static strength and ductility

Even in cases where adequate fi ller metals are available, the higher tem-
perature reached and limited material deposition rates in arc welding can 
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degrade the HAZ suffi ciently to reduce the joint strength compared to 
FSW. It is often the case in thin section aluminum alloys that the joint 
strength in arc welding and FSW are comparable. However, in thick materi-
als, up to 75 mm thick, the fact that FSW can be accomplished in a single 
pass can result in signifi cantly improved joint strength and ductility. In some 
applications, this may be suffi cient to justify the use of FSW over arc 
welding and mechanical fastening.

Mechanized process: technical justifi cation

FSW is typically operated as a completely mechanized process, as described 
further below. While this can lead to increased capital cost compared to arc 
welding and mechanical fastening techniques, the mechanized nature of the 
process leads to improved joint path control and more consistent quality 
than manually operated processes. The improvement in joint quality alone 
may be suffi cient to justify the use of FSW, especially in applications that 
demand very high joint quality, such as in the construction of launch vehi-
cles and other aerospace structures.7

While FSW offers many technical bases for justifi cation of its use, there 
are also unique technical requirements that may offset its technical benefi ts 
to some degree. Some of the main technical requirements that must be 
considered are described below.

High robustness, few process variables

Although the relative newness of FSW can make it seem complex, the fact 
remains that FSW has relatively few process variables compared to conven-
tional arc welding processes, making it fundamentally a simpler process to 
describe and operate. This relative simplicity can contribute to the overall 
technical justifi cation of the process. The process variables of FSW are all 
easily controllable, leading to a relatively stable process. Also, since heat 
input in FSW is fundamentally driven by the response of the workpiece to 
these relatively simple, controlable process parameters, the process stability 
is far superior to arc welding processes, where heat input is the result of 
numerous independent variables. This, in turn, leads to the characteristically 
low defect rates of FSW, which can be a central feature of the technical 
justifi cation of the process.

Mechanized process: technical requirement

The fact that FSW is a mechanized process was described above as a posi-
tive factor in justifying the process for production use. At the same time, 
the process forces generated during FSW are typically too high to permit 
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hand operation. In the case of very thin materials, the forces may be suffi -
ciently low to permit manual operation, but typically the welding tool is so 
small in these cases that mechanical means are needed to maintain accurate 
tool path control to consume the joint. Certainly, in thick materials FSW 
can only be operated as a mechanized process. For example, for 25-mm 
thick 5083 aluminum plate, it may be necessary to apply a force of 44 kN 
along the tool’s rotation axis to keep the tool embedded in the workpiece, 
while simultaneously pushing the tool laterally with a 15 kN force and 
applying a torque of about 360 N-m.8 The forces for thinner sections are 
understandably lower, for example, for 8-mm thick 2195-T8 aluminum, a 
force of about 40 kN along the tool axis and 4 kN in the travel direction 
would be typical.9 As a result, relatively expensive, custom made equipment 
is often necessary for production use of FSW. Although new, lower cost 
equipment is currently being developed for some applications, the high 
capital cost is often a signifi cant barrier to developing the business case for 
the use of FSW. As a result, it is often necessary to develop the application 
as a nearly continuous production operation, maximizing the economic 
value of goods produced by the process.

Special fi xture requirements

As mentioned earlier, FSW requires that the workpiece be rigidly held in 
position during welding, to ensure that the joint does not separate under 
the force of the welding tool and to ensure that the workpiece stays in 
intimate contact with the anvil during welding, thus achieving a smooth 
weld. Although the special fi xture requirements of FSW do impose an eco-
nomic burden on the justifi cation of the use of the process, which will be 
discussed below, fi xture requirements also place a practical restriction on 
the size of workpiece that can be produced. For example, the requirement 
to restrain the workpiece against the anvil may make it diffi cult to secure 
very large and thin workpieces, or the requirement to restrain lateral sepa-
ration of the joint can be diffi cult for very thick workpieces. These are 
surmountable requirements, but ones which must be considered.

Joint design limitations

Since FSW is an autogenous process, it is impossible to make what is gener-
ally considered a fi llet weld, where a signifi cant amount of material is added 
to fi ll a transition between two workpieces. Although it is possible to form 
a small fi llet during FSW of plates at some angle, this is usually achieved at 
the expense of material from the joint. Typically, FSW is used to produce 
butt welds, corner welds and lap welds, as shown in Fig. 6.4.
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(a)
(b)

(c)

(d)

(e)

6.4 Common FSW joint confi gurations: (a) straight butt joint, (b) lap 
joint, (c) 90° corner joint, (d) T-joint, (e) oblique angle joint.

Weld keyhole

FSW is a keyhole welding process, as described previously. As a result, in 
some applications it is necessary to consider how the welded joint will be 
started and terminated to result in a serviceable assembly, such as in the 
construction of cryogenic fuel tanks and in welding marine structures. Typi-
cally, the start and stop ends are cut away from the main portion of the 
assembly and discarded. Alternatively, run-on/run-off tabs may be used to 
reduce the loss of base metal. For structures such as sealed tanks, it may be 
possible to use friction tapered plug welding, arc welding, or even a sealed 
fastener to eliminate the keyhole.

6.2.2 Economic justifi cation

The positive and negative aspects of economic justifi cation of the use of 
FSW over more traditional methods are briefl y discussed in this section. 
Very few published studies have been produced that give details of the 
economic justifi cation of FSW, presumably because every application has a 
unique justifi cation and it is diffi cult to develop a general cost model. In 
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spite of this, some publications have addressed the economic justifi cation 
of FSW by presenting case studies.10–12 The main factors in economic justi-
fi cation for FSW are:

• processing time/labor,
• licensing,
• capital investment,
• production volume,
• robustness – low defect rate.

Other factors play a lesser role in the economic impact of FSW. These 
secondary factors include the elimination or reduction of conventional 
welding consumables, such as shielding gas and fi ller metal, the increased 
cost of friction stir welding tool, itself a consumable item, the reduced pro-
duction of fumes and the reduced energy consumption. In this section the 
main economic factors in the justifi cation of FSW are described.

Processing time/labor

There are a number of factors that contribute to the reduced processing 
time and direct labor that can be expected from the use of FSW. FSW can 
often be accomplished in a single pass compared to the multiple passes 
often required for arc welding processes, especially as the workpiece thick-
ness increases. Each pass in arc welding can require interpass cooling time, 
cleaning, inspection and repair, and may require rotation of the workpiece 
to allow welding from the opposite side. Further, the superior cosmetic 
appearance of friction stir welds can lead to reduced manufacturing costs 
associated with post-weld processing.

Licensing

At the time of this writing, FSW is a patented process in many countries,13 
and a license fee must generally be paid for its use. The specifi c terms are 
restricted from publication by agreement with TWI, the owner of the intel-
lectual property rights to the process. That said, the license fee for the use 
of the basic process is a signifi cant factor in the economic justifi cation of 
the use of the process and should be considered until the time of expiration 
of the patents.

Capital investment

FSW is a fully mechanized process, so naturally the process is limited by 
the capabilities of the equipment used. This includes the welding system 
that rotates the welding tool and traverses it along the joint and the welding 
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fi xture used to restrain the workpiece during welding. Owing to the high 
forces generated by the process, the equipment and fi xture can represent a 
signifi cant cost, especially for large or thick section workpieces. Some 
welding system providers have recognized that the capital investment 
required for FSW is prohibitive for many applications and are developing 
low cost approaches for FSW equipment. As an alternative, there are several 
FSW service providers that can produce welded products without imposing 
the burden of capital investment on a single production application.

Production volume

Production volume is a factor in the economic justifi cation of FSW in the 
way that it amplifi es savings from labor and processing time and distributes 
fi xed costs from licensing and capital investment. In some applications, the 
production volume may make traditional arc welding processes impractical 
simply because of limitations in the available skilled workforce.

The combined effect of technical and economic justifi cation for the 
process is essential for the successful implementation of FSW in the produc-
tion environment. This justifi cation has been successfully demonstrated in 
several industries, as evidenced by the list of early production applications 
presented above in Table 6.1. The expiration of the FSW patents and the 
development of lower cost FSW equipment and fi xtures will, over time, ease 
the fi xed costs associated with implementation of the process and will 
improve the business case even further.

6.3 Welding tools

Since its original development, friction stir welding advances have often 
been driven by the development of new welding tools and new welding 
equipment. The development of welding tools has two aspects: the develop-
ment of welding tool designs and the development of welding tool materi-
als, which will be introduced in this section.

Welding tool designs can be divided into two main classes, conventional 
and bobbin. Conventional FSW tools approach the workpiece from one 
side, typically while the workpiece is restrained on an anvil. This type of 
tool only partially penetrates the workpiece, leaving a very thin gap between 
the end of the pin and the anvil. Material which passes through this gap is 
plasticized to a suffi cient degree to ensure complete consumption of the 
original joint, when the pin ligament is maintained.

In contrast to the conventional FSW tool, bobbin FSW tools consist of 
two shoulders which are connected by the pin, all of which typically rotate 
in unison. The two shoulders act to contain the softened weld metal from 
either side, as shown in Fig. 6.5, while generating heat from friction and 
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Spindle-side shoulder

Back-side shoulder

Workpiece 

Pin connects shoulders 

(obscured from view by 

workpiece)

6.5 Bobbin FSW tool.

plastic work. The action of the pin is primarily to distort the faying surfaces 
and generate additional heat to sustain the process while providing the 
mechanical connection between the shoulders. Bobbin FSW tools can allow 
the production of welds without imparting force normal to the workpiece 
plane and they eliminate the possibility of incomplete penetration of the 
weld to the anvil side of the workpiece.

There are two further subdivisions of bobbin tool designs, as shown in 
Fig. 6.6. Although the notion of a bobbin tool was fi rst described in the 
original patent fi ling for FSW,13 it was never practically demonstrated in its 
original form. The original bobbin tool consisted of a pair of smooth, bare 
shoulders that tapered outward, presumably to ensure contact with the 
workpiece surfaces in the event of random or planned variation in the 
workpiece thickness. A workable bobbin FSW tool was later developed in 
which fl at shoulders were supplemented with spiral grooves or scrolls which 
acted to pull workpiece material toward the pin.14–20 The shoulders were 
forcibly actuated relative to each other in order to provide a variable gap 
between the shoulders, which facilitated the development of controllable 
compressive force between the shoulders, even in the case where workpiece 
thickness varies along the length of the weld. This type of tool requires a 
mechanism to actuate the welding tool’s pin in order to achieve the variable 
shoulder gap. This variable shoulder gap bobbin tool, known as a self-
reacting tool, has been demonstrated to produce sound welds in a wide 
variety of material thicknesses and alloy selections. Later, a practical fi xed 
gap bobbin tool was demonstrated, eliminating the need for a mechanism 
to actuate the welding tool pin. This tool, known as a tapered shoulder tool, 
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bobbin tool Variable-gap

bobbin tool

6.6 Variable and fi xed gap bobbin FSW tools.

has also been demonstrated to produce welds in a variety of materials.21,22 
The tapered shoulder tool takes advantage of a protruding shoulder profi le 
combined with spiral shoulder scrolls to produce in a tool that has variable 
shoulder penetration and variable effective shoulder width. Variations of 
this tool employ non-linear shoulder profi les.

Welding tool features have been introduced over time to produce a 
number of desirable effects and new tool design features are continually 
being introduced. Table 6.2 shows a summary of some of the key FSW tool 
design features that have been developed to date, along with appropriate 
references. Various combinations of these design features make possible a 
wide variety of conventional and bobbin FSW tools.

In addition to welding tool design features, welding tool ‘motions’ have 
been developed as a means of achieving desirable effects in weld formation. 
These have primarily been introduced by TWI and include variations such 
as ‘Skew Stir’ (tool axis inclined relative to axis of rotation), dual-rotation 
FSW (pin and shoulder rotate at different speeds or in different direction), 
‘Re-Stir’ (tool rotation direction periodically reverses), ‘Com-Stir’ (com-
pound motion of tool rotation and tool axis orbit) and tandem FSW (two 
tool operating in tandem).23 These tool motions have been shown to give 
different material fl ow patterns during welding, yielding improved weld 
formation, for example, to improve lap weld performance.
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Table 6.2 Summary of key welding tool design features

Feature Intended effect Examples

Threads on pin Compression of weld zone 
against anvil

Flats or other 
re-entrant features

New mode of plastic work, 
thicker section welding, 
higher heat input

Flat pin tip Improved TMAZ penetration, 
higher penetration ligaments, 
better robustness

Frustum pin profi le Reduced lateral forces, thicker 
section welding

Flare pin profi le Wider root profi le

Shoulder scrolls Elimination of tool tilt 
requirement, containment of 
softened workpiece material

Tapered shoulder Variable shoulder contact width, 
variable shoulder penetration

New welding tool materials have been introduced in order to increase 
the strength of the welding tool’s pin, to manage thermal conduction,24 and 
to permit welding of high melting point materials. Although aluminum 
alloys can be friction stir welded using inexpensive tool steel, such as H13, 
in order to maximize production rate and tool life, it is necessary to use 
materials that have high strength at the temperature of welding, such as 
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MP159. Copper is commonly welded using Nimonic 105 and Densimet for 
the pin and shoulder materials, respectively.25–27 Titanium is generally welded 
using refractory metals, such as lanthanated tungsten or tungsten rhenium 
tools.28 Steel is also welded with tungsten-based tools, or with tools made 
from polycrystalline cubic boron nitride (PCBN).29,30 In addition, tool coat-
ings are occasionally used to improve the wear or chemical resistance of 
tools.31

Certainly, welding tool design and material selection are important con-
siderations in developing a successful friction stir welding process. Careful 
consideration must be given to tool cost, useful life and the limitations that 
the tool strength might place on the welding speed. The development of 
new welding tool designs and materials has been an active area of research 
in the past, leading to expansion of the utility of the process and this trend 
likely to continue in the future. As a result, attention to the latest advance-
ments in welding tool construction is important for optimizing performance 
in any FSW application.

6.4 Parameter effects

While the general principles of the effect of process variables on the friction 
stir welding process have much in common with other welding processes, 
the details are completely different, as one might expect. The main process 
variables in friction stir welding are listed in Table 6.3.

These variables all act to determine the outcome of the welding process. 
The main interest in studying the effect of the process variables lies in 
understanding the effect of the process on joint properties, including static 
mechanical properties, fatigue strength, corrosion properties, stress corro-
sion cracking resistance and toughness, with the goal of maximizing pro-
ductivity, performance and reproducibility. The welding process affects 
these joint properties primarily through heat generation and dissipation, 
so primary attention should be given to the effect of the welding process 

Table 6.3 Main FSW process variables

Tool design variables Machine variables Other variables

Shoulder and pin materials Welding speed Anvil material
Shoulder diameter Spindle speed Anvil size
Pin diameter Plunge force or depth Workpiece size
Pin length Tool tilt angle Workpiece properties
Thread pitch
Feature geometry
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variables on heat generation and related outcomes. Other areas of study 
include the effect of process parameters on material fl ow, defect formation, 
process forces, grain size, and so on.

Numerous experimental and computed model studies into the effect of 
process parameters on heat generation have been published since the 
process was fi rst introduced.8,9,32–46 This work has demonstrated that, while 
FSW may seem at fi rst to be a simple process, the fact that the process is a 
fully coupled thermomechanical process can lead to counterintuitive rela-
tionships between variables and in the resulting material fl ow. In arc welding 
the heat input is determined entirely by controllable machine parameters 
(voltage and current), while in FSW the temperature-dependent workpiece 
properties are important in determining the heat input, which in turn affects 
the workpiece conditions. As a result, seemingly unrelated variables can 
participate in the heat generation process. For example, the anvil size and 
material can have a dramatic effect on process forces and heat generation 
in FSW, based on their role in thermally preconditioning the workpiece 
material in advance of the welding tool. This self-referential relationship 
contributes to the stability of the welding process, but at the same time it 
complicates the determination of the effect of process variables on heat 
generation. Further, the fact that FSW is a fully coupled thermomechanical 
process means that one must carefully consider the unintended effect on 
interconnected variables when making a change to the process, such as 
when moving a process developed on one piece of equipment to a new 
welding system.

6.5 Materials

Friction stir welding has been shown to be effective in joining a number of 
different materials. Although aluminum was the fi rst material to be friction 
stir welded, over time it has been shown that many of the benefi ts demon-
strated for aluminum can also be seen in welding other materials, such as 
steel, titanium, copper, magnesium and lead. However, welding of high 
melting point materials is made more diffi cult by the harsh operating condi-
tions placed on the welding tool material. As a result, while many materials 
can be friction stir welded, performance and economic justifi cation must be 
developed in order to make practical use of the process.

No studies have been performed to defi ne the specifi c characteristics that 
a material must have in order to be weldable by FSW, but examination of 
the characteristics of FSW in aluminum suggests some very general require-
ments for welding of other materials. For example, it is clear from FSW of 
aluminum that thermal softening of the workpiece material is necessary for 
the welding process to commence, so it is reasonable to expect that in other 
materials the welding process will take place at a temperature that is near 
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the material’s melting point. This also implies that it is necessary that heat 
be generated with suffi cient intensity to overcome the loss of heat from the 
welding zone through conduction into the workpiece. Another consider-
ation is the need to achieve heat generation, either by friction, plastic work, 
or by auxiliary heating, at the full spectrum of temperatures from the initial 
material temperature up to the welding temperature. Although it is not 
normally needed for FSW of aluminum, a shielding gas may be needed for 
some materials to prevent reactions with atmospheric gasses.

In high melting point materials it appears that the main limitation to 
weldability is the availability of suitable welding tool materials. The devel-
opment of new welding tool materials and geometries has made it possible 
to join materials such as steel and titanium in the laboratory environment 
and in a limited number of production applications.47 In FSW of steel it has 
been shown that the lower welding temperature can lead to very low distor-
tion and unique joint properties.29,30,48,53 FSW of steel is an area of active 
research, so it is reasonable to expect other production applications to 
emerge over time. A very attractive application is FSW of steel plate for 
shipbuilding applications, based primarily on the reduction in welding dis-
tortion, but the development of low cost welding equipment and more 
robust welding tool materials is required before this application can be 
exploited.

Titanium alloys are generally considered to be weldable by fusion welding 
processes, but FSW is of interest as a joining method for some specifi c 
titanium-based alloys, for some product forms, such as castings, and for 
some alloy combinations which are more diffi cult to fusion weld.28,54,55 Fric-
tion stir welding of titanium has been demonstrated in the laboratory envi-
ronment and it has been used in the construction of relatively large prototype 
structures. Although titanium is considered a high melting point material, 
its low thermal conductivity makes it necessary to reduce the heat input of 
the tool design, either by minimizing the shoulder diameter or by eliminat-
ing shoulder rotation altogether.56,57 Friction stir welding of titanium is 
presently an area of active research, which may ultimately lead to produc-
tion applications.

Friction stir welding of copper has been developed for several years in 
the construction of canisters for storing nuclear waste.25–27 In this applica-
tion, which requires very low defect rates, FSW was selected over electron 
beam welding for welding 50-mm thick circumferential joints for attaching 
canister lids. Although it was initially thought that FSW of thick copper 
would be adversely affected by the high thermal conductivity, it has been 
found that, by using a relatively high spindle speed, suffi cient heat intensity 
can be developed to accomplish sound, high quality welds.

Several other materials have been joined using FSW in the laboratory 
environment and the evaluation of weldability in new materials is an area 
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of ongoing research.58,59 Also, some work has been done recently to dem-
onstrate the use of FSW to join dissimilar materials, such as aluminum to 
steel.60,61 Certainly, it is conceivable that titanium could be welded to alu-
minum using a similar approach. The development of technical or economic 
justifi cation is required to move the FSW of these materials to the produc-
tion fl oor.

6.6 Joint geometries

A variety of joint geometries are possible with FSW; however, there are 
certain limitations and requirements that are unique to the process. Since 
FSW is an autogenous welding process, some types of joint, such as fi llet 
welds, are fundamentally impossible with FSW, although fi llet welds can be 
simulated by special material or fi xture designs, as will be discussed below.

A summary of common joint geometries is presented in Fig. 6.7. The 
fi gure also shows typical anvil sections for each joint type, since anvil and 
fi xture requirements are closely related to joint design. It is assumed in 
these diagrams that the anvil sections are rigidly mounted relative to the 
workpieces. Certainly, other joint geometries are possible. In each of these 
joint designs and fi xture arrangements, it is necessary to:

• provide suffi cient area for the welding tool’s shoulder path
• provide suffi cient containment of softened weld metal
• provide suffi cient force to prevent motion of the workpieces and
• provide an adequate heat sink to dissipate the heat of welding.

The area required for the welding tool’s shoulder is a function of material 
thickness and alloy. Typically, for aluminum alloys, the area required for 
the shoulder is about three to fi ve times the material thickness. Steel and 
titanium typically would require less shoulder area, since these materials 
have lower thermal conductivity and therefore require a smaller shoulder 
diameter.

Containment of softened weld metal is necessary along the full length of 
FSW joints. Machined details, such as drilled holes or pockets, that are very 
close to a weld joint should be avoided or temporarily plugged during 
welding to provide additional heat sink and to prevent softened material 
from pushing out. One exception to this rule is the case where an anvil is 
specifi cally designed with rounded corners to produce a small fi llet, as 
shown in Fig. 6.8. Here, the fi llet is kept small so that the workpiece material 
that pushes into the void does not result in internal voids in the weld. This 
corner radius acts to reduce the stress concentration in the corner.62

As indicated in Fig. 6.7, it is necessary forcibly to constrain the workpiece 
components from motion under the process forces. Test data that indicate 
the magnitude of the force required are almost non-existent, so experience 
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(a)

(b)

(c)

(d)

(e)

(f)

6.7 Summary of common joint designs with anvil sections and fi xture 
force requirements. (a) Straight butt joint, (b) lap joint, (c) 90° corner 
joints, (d) T-joints, (e) oblique angle, (f) butt joint with mismatch.

and trial-and-error approaches are necessary for this aspect of fi xture 
design. An example of the negative effect of inadequate fi xture force is 
‘drop-out’ which is the result of inadequate vertical force in a butt weld, 
preventing the workpiece from lifting from the anvil, as shown in Fig. 6.9. 
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6.8 Anvil corner for producing small fi llets.
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2094 aluminum FSW, 

transverse view 

6.9 Drop-out in a butt weld produced by inadequate vertical holding 
force on the workpiece.

This commonly occurs at the start of welds, where the process of plunging 
the welding tool pin into the workpiece tends to bulge the back of the 
workpiece and lift the surrounding material off the anvil. Once this has 
occurred, it is very diffi cult to get the workpiece back into contact with the 
anvil, since forward motion of the tool tends to push the drop-out in advance 
of the pin. As a result, drop-out is much better prevented in advance by 
good fi xture design, rather than trying to resolve it during a weld.
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Joint design also plays a role in establishing an adequate heat sink for a 
stable welding process. An example of a poor joint design from the stand-
point of heat dissipation is shown in Fig. 6.10. In this case, one side of the 
corner joint is very small, which would result in excessive heat build-up 
during welding, possibly making it impossible to weld. A better joint design 
would have left more material on the right side of the joint, to be machined 
away after welding.

A few additional guidelines relative to joint design are necessary. First, it 
is most generally desirable to consume the original faying surfaces to the 
greatest extent possible, since remnant oxide bands can provide crack initia-
tion sites. This may require multiple weld passes, such as in the case of a 
severe oblique angle joint, or it may require special welding tool designs to 
generate adequate coverage to consume the joint. Second, lap joints can be 
problematic, since they inherently involve leaving a remnant oxide band 
that enters the weld. Careful consideration must be given to the welding 
procedure and applied load path in this type of joint in order to have reli-
able results. Finally, it is important to consider the effect of the joint’s 
properties across the weld zone and how it relates to the applied load in 
service when formulating a joint design. For example, in some applications 
it may be desirable to replace the oblique angle joint shown in Fig. 6.7 with 
a machined angle piece and two butt joints, in order to move the welded 
joints away from the corner region, which may be the area with the highest 
loading.

Friction stir welding is a relatively new welding process, but it has rapidly 
developed into a viable production process in a number of industries. This 
has been accomplished through intense research in universities and research 
institutions around the world, contributing to our understanding of the 
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6.10 90° corner joint with inadequate heat sink.
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process and expanding its capabilities through technical innovation. The 
chapters that follow provide a more detailed description of the important 
aspects of the process, which is required in developing a complete under-
standing of its unique characteristics.
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Abstract: This chapter provides an overview of the types of defect that 
can occur in friction stir (FS) welds and identifi es their infl uence on 
failure mechanisms under static and cyclic loading. Consideration will 
primarily be given to FS welding for linear joints, although some results 
of a new repair welding technique for pipework, friction taper stud 
welding (FTSW), will also be presented. FS spot welds will also be 
briefl y considered. Whilst certain defect types are generic across a broad 
range of alloys, there appear to be several defect categories specifi c to 
particular strain hardening FS welded aluminium alloys, which have 
been termed ‘onion skin’ and planar defects by the present authors,1,2 
these will also be discussed in this chapter. Finally, brief attention will 
be paid to the residual stress distributions arising from FS welding as 
relationships exist between process parameters, heat input, peak values 
of longitudinal residual stresses and weld performance.3

Key words: failure mechanisms, fractography, friction stir welding, 
friction taper stud welding, process parameters, residual stress.

7.1 Introduction

Friction stir welding (FSW) is a solid state hot-shear joining process that 
generally requires a low level of weld preparation, little post-weld dressing 
and gives joints with high tensile and fatigue strength. Other benefi ts include 
generally low defect populations (compared with fusion welding) and the 
ability to join dissimilar metals. The technique has hence attracted signifi -
cant interest in a number of major industrial sectors, including aerospace, 
thermal power generation, land transportation (automotive and rail) and 
ship building. An extensive literature now exists that deals with FSW (see, 
for instance, the comprehensive reviews given by Mishra and Ma4 and 
Nandan et al.5). FS welding of linear joints is well established as a routine 
choice in the welding of aluminium alloys, and has also been extensively 
applied to magnesium alloys,6 thin titanium alloys7 and even to steels, par-
ticularly in the power generation industry.8 Diffi culties with FS welding of 
high melting point alloys are the high power input required to plasticise the 
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metal and hence make the bond and the requirement for expensive refrac-
tory tools with a limited life.

The FS process is nonetheless relatively new and still evolving rapidly; it 
has been extended from linear butt welds in fl at plates to include compound 
curves via special tool design and to welds in cylinders, although most of 
the work is proprietary and has not been reported in the open literature. 
Novel variants of the process have been proposed, including friction stir 
spot welding,9,10 friction stir knead welding which has been applied to lap 
joints between thin steel and aluminium,11 and friction taper stud welding.12 
In friction knead welding the edge of the bottom steel plate has a scalloped 
keyhole shape and the tool does not have a pin. The softer aluminium alloy 
is ‘kneaded’ into the cut-outs to form an interlocking joint.11 Friction taper 
stud welding was developed to deal with the problem of in situ creep crack 
repair in thermal power station pipelines and involves machining a tapered 
hole in the pipe wall to remove the damaged material and then plugging it 
with a rotating tapered stud of the same alloy.12

The number of papers that have focussed on defects and failure mecha-
nisms in FS welds is, however, relatively limited, although weld performance 
is governed by defects and their infl uence on fracture and fatigue. Equally, 
the type of defect that occurs and the residual stresses in a weld are a func-
tion of the weld process parameters, the alloy and its condition (temper or 
strain hardening). The aim of this chapter is to provide a brief overview of 
these aspects for linear and spot FS welds, and for friction taper stud welds.

7.2 Defects in linear friction stir welds

The typical surface appearance of an FS weld is shown in Fig. 7.1 and with 
the linear and rotational movements of the tool in the directions shown, 
the left-hand side of the weld is termed the ‘advancing’ side (linear and 
rotational movements in the same direction) and the ‘retreating’ side is on 
the right. This distinction refl ects the difference in the plastic fl ow processes 
on the two sides of the weld, where observations have indicated13 that mate-
rial is entrained on the advancing side, rotated around the pin and deposited 
at the rear of the retreating side. Material picked up on the front part of 
the retreating side of the weld is entrained (but does not rotate around the 
pin) and deposited to ‘fi ll in’ material in the wake of the pin.13 Thus the FS 
weld nugget consists of an amalgam of two streams of material with differ-
ent histories and mechanical properties which often leads to a so-called 
‘onion skin’ macrostructure (Fig. 7.2).14 The onion skin macrostructure is 
also infl uenced by tool geometry, rotational speed and feed rate (which 
can be characterised by tool pitch = tool feed per revolution). A heavily 
thermomechanically affected zone (TMAZ) lies outside the recrystallised15 
nugget region and this is also seen in Fig. 7.2.
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7.1 Surface marks on an FS weld in aluminium alloy arising from 
forwards tool tilt and the linear movement of the tool in each cycle of 
rotation. The black arrow indicates the direction of tool travel and the 
white arrow indicates the clockwise tool rotation. Flash at the edge of 
the shoulder has been ground off.

Semi-analytical thermomechanical modelling by Heurtier et al.16 has 
linked material fl ow and mixing to strain and temperature histories in the 
various weld zones. The model allows estimation of the resulting microhard-
ness profi le across the weld and its evolution is stated to point to the 
welding parameters which reduce the inhomogeneties in weld zone proper-
ties.16 Thus increasing the tool translational velocity (feed rate) for a con-
stant rotational speed reduces the softening in the weld nugget. This 
improvement in hardness is assigned to a decrease in the average tempera-
ture of the weld zone.

For threaded pin geometries, the onion skin macrostructure can be 
observed in L–T weld sections as well as in T–ST sections such as that 
shown in Fig. 7.2(a). Figure 7.2(b) identifi es the L, T and ST directions using 
standard rolled or extruded plate terminology. This has been found to 
refl ect a vertical vortex motion imparted by the threads to material within 
the rotational nugget zone, which thus follows an unwound helical trajec-
tory formed by the rotational motion, the vortex fl ow and the translational 
motion of the pin.13 The apparent layering in the macrostructure is there-
fore related to the tool pitch along the weld joint.

It would be expected that the complex plastic deformation processes 
involved in entrainment and mixing of dual streams of deformed material 
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thickness
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7.2 (a) The so-called ‘onion skin’ structure in the weld nugget 
(indicated by the letters OS); the TMAZ region can be clearly seen in 
this image of a double pass FS weld in 5383-H321 aluminium alloy. (b) 
Defi nition of standard directions in a rolled or extruded plate. These 
allow identifi cation of fracture planes and metallurgical directions in 
an unambiguous fashion.
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infl uence the defect population and residual stresses in the weld zone and 
this has been observed to be the case by a number of authors.17 The peak 
magnitudes of residual stresses are lower on the retreating side by up to 
20%, although the difference between advancing and retreating data is 
affected by weld process parameters (tool rotational speed and feed rate) 
which determine heat input during welding.17

A number of papers have considered the FSW defects that arise as a 
consequence of plastic fl ow mechanisms around the tool or of process 
parameters such as tool tilt or penetration into the joint (which has, of 
necessity, to be less than the full-plate depth). Commonly occurring defects 
include lack of penetration (tool length too small for the plate thickness), 
voids and root defects, which are also known as ‘kissing bonds’, ‘lazy-S’ or 
zigzag defects. However, other plasticity-related defects can occur in strain 
hardening alloys which appear to be contingent upon alloy and strain condi-
tion. These fall into the category of partial bonds but occur in the interior 
of the weld nugget, often as regular sequences related to the tool pitch and 
have been described as ‘onion skin’ or planar defects.1–3

7.2.1 Lack of penetration

Tool penetration is generally around 90–95% of the plate thickness, and 
lack of penetration defects can occur if, for example, plate thickness is vari-
able along the weld line or the plate is bowed. Dickerson and Przydatek18 
have noted that Lloyd’s Register suggests a tolerance on nominal plate 
thickness in FSW of +0.2 mm to avoid defects. Welding of bowed plates can 
be resolved by appropriate plate restraint or seam tracking strategies.

Tool penetration problems lead to extruded fl ash at the root of the weld 
near the pin if the tool depth is too high19 and to long root grooves on the 
advancing side of the weld if the pin is too short.19,20 Additional problems 
can arise if the gap between the abutting plates to be welded is not tightly 
controlled. Unpublished work by the present authors has indicated that a 
gap of around 5% of the plate thickness leads to a reduction in fatigue 
strength of some 10% at a fatigue life of 106 cycles. The induced defects are 
large voids and partial bonding which signifi cantly reduce the fatigue crack 
initiation period. Chen et al.19 also note that the generation of root defects 
is assisted by very small tool tilt angle (≤1.5°) and by higher angles ≥4.5°. 
They attribute this to infl uences of tool tilt angle on heat input and forging 
force and hence on the position of defects in the weld. At low tilt angles 
they postulate that there is insuffi cient downwards forging of the plasticised 
metal leading to a root groove from lack of penetration. At larger tool tilt 
angles, weld fl ash can be generated on the retreating side with insuffi cient 
plasticised metal remaining to fi ll up the cavity left in the nugget zone.
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7.3 Root defect in an FS weld made in 6 mm 5083-H321 aluminium 
alloy plate. Tool rotational speed 617 rpm, feed-rate 185 mm min−1, 
giving a tool pitch of 0.32 mm/rev.

7.2.2 Root defects

Root defects are strongly affected by process parameters and occur as a 
result of partial bonding which refl ects insuffi cient heat input and/or incom-
plete break-up of surface oxide layers.18,19,21 A typical root defect is shown 
in Fig. 7.3. The plastic fl ow mechanisms in the TMAZ region also make it 
likely that the occurrence of partial bonding defects will be alloy dependent 
and that strain hardening alloys in certain conditions will be more suscep-
tible to root defects. Work by Dickerson and Przydatek18 has indicated, for 
example, that 5083-H321 is more susceptible to root defects than either 
5083-O or 6082-T6 alloys. In their work on 6–7 mm thick plates, defects 
detrimentally infl uenced tension–tension fatigue performance (R = 0.1) if 
the root fl aw was >0.35 mm in depth.18 There is an obvious link between 
plate thickness and the size of fl aw that will reduce fatigue performance; 
work by Zhou et al.22 on 4-mm thick plates of 2024-T3 aluminium alloy has 
demonstrated a reduction in fatigue strength of some 50% at 2 × 106 cycles 
in the presence of root fl aws 0.31–0.33 mm long.

Strain hardened aluminium alloys are also susceptible to other forms of 
partial bonding defect associated with the onion skin structure and hence 
with the tool feed rate. These have been termed onion skin and planar 
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7.4 Extensive voiding in the nugget of an FS weld made with sub-
optimum process parameters.

defects by the present authors1–3 in extensive work on 5083-H321 alumin-
ium alloy, and similar defects have been described as ‘kissing bonds’ in 
other work on 5456 aluminium alloy.19 These defects will be further dis-
cussed below.

Partial bonds are diffi cult to detect using dye penetrant techniques and, 
because they can occur in any orientation and at any angle, may also be 
diffi cult to detect with directionally specifi c techniques such as radiography 
and ultrasonics.2,18 Phased array inspection techniques have therefore been 
proposed as a route to overcome this problem.23

7.2.3 Voids

Voids are a common defect in FS welds; in such an autogenous process large 
voids can occur when the choice of tool and weld parameters is sub-
optimum (e.g. Colligan et al.24; Leonard and Lockyer25). An example of 
serious process parameter-related voiding is shown in Fig. 7.4, while small 
voids have been proposed to occur as a consequence of the fl uid dynamics 
associated with plastic fl ow in the weld nugget. In numerical three-dimen-
sional modelling of the fl ow dynamics in the weld region, Bendzsak et al.26 
found that there is a zone on the advancing side of the weld where chaotic 
fl ow occurs. They proposed that there is a location within this zone above 
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and below which the fl ow is in opposite directions, creating a vortex. Such 
vortices could lead to the generation of a series of voids in the weld nugget, 
potentially with signifi cant sizes. Metallurgical sections of FS welds rou-
tinely indicate voids with sizes up to perhaps 0.2–0.5 mm and the incidence 
of voids appears to be higher near the surfaces of the plate, although they 
occur throughout the weld nugget. Figure 7.5 shows such voids observed on 
a metallographic section of an FS weld in 5083-H321 aluminium alloy.

These observations indicate that the vortex generation proposed by 
Leonard and Lockyer25 may provide one mechanism underlying voiding in 
the interior of the weld nugget, while a second mechanism arises from the 
complex plastic deformation processes involved in entrainment and mixing 
of dual streams of deformed material13 and the overall behaviour of the 
plasticised zone in the metal. A very interesting recent paper by Arbegast27 
considers the relationships between the complexities of fl ow zone forma-
tion and a number of characteristic volumetric defects in FS welding. An 
illustration of such relationships is given in Fig. 7.62 which shows the fatigue 
crack initiation region in a reversed bend fatigue specimen cut from an FS 
welded 5083-H321 alloy. A void is associated with two small planar facets, 
which show clear evidence of dynamic recrystallisation28 in the fi ne (~5 µm 
average diameter) polygonal grains (marked with arrows A and B). The 
planar facets must arise from partially bonded regions formed between 
different layers of plasticised metal, entrained either on the advancing and 
retreating sides of the tool, or during sequential revolutions of the tool. The 
polygonal shape of the void, together with its association with partial 

0.5 mm

7.5 Voids up to 0.25 mm in dimension near the root of an FS weld in 
5083-H321 aluminium alloy.
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50 µm

B

A

7.6 Polygonal void and associated planar regions showing evidence 
of dynamic recrystallisation during FS welding. Such defects arise 
from the complexity of plastic fl ow in the weld nugget.

bonding and dynamic recrystallisation, indicates the complexity of the 
plastic fl ow processes and their role in defect formation, particularly in 
strain hardening alloys.

Voids are often associated with the initiation of fatigue cracks and Fig. 
7.7 indicates this association for another 4-mm diameter specimen of 5083-
H321 aluminium alloy tested in reversed bend at a peak stress of 136 MPa. 
The infl uence of the void cluster on the fatigue strength of that particular 
welded specimen is evident in Fig. 7.8; fatigue life has been reduced to that 
found for defect-free specimens at an applied stress 30% higher (180 MPa).

7.2.4 Onion skin and planar defects

The discussion of root defects and voids indicates that FS welds are suscep-
tible to regions of partial bonding, which is unsurprising since FSW is a 
complex hot shear and forging process that takes place in an air environ-
ment. As noted earlier, work on a strain hardening 5083-H321 aluminium 
alloy has demonstrated the existence of very signifi cant partial bond defects 
in the form of extensive planar facets or a series of planar defects that can 
be related to the onion skin macrostructure and hence to tool feed rate 
along the weld.1–3 Figure 7.9 indicates that voids and onion skin partial 
bonding defects can occur together, that they affect crack initiation signifi -
cantly and that they are related to the tool pitch. It also provides a good 
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7.7 Association of voids with fatigue crack initiation site in reversed 
bend loading of 5083-H321 aluminium alloy at 136 MPa peak stress.
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7.8 Infl uence of void cluster on fatigue strength of 4-mm diameter FS 
welded specimen of 5083-H321 aluminium alloy; fatigue life for the 
specimen tested at 136 MPa has been reduced to that found for 
defect-free specimens at an applied stress 30% higher (180 MPa).
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(a) (b)

15 kV X19 1 mm 41  56  SEI 15 kV X350 50 µm 13  66  SEI

PB

7.9 (a) FS weld in 5083-H321 made with a tool feed rate of 
135 mm min−1 and a pitch of 0.51 mm/rev. Voids and onion skin 
defects are present on the fracture surface and are associated with 
crack initiation and the tool pitch. (b) Magnifi ed image of part of the 
fatigue region; details of the plastic fl ow and partial bonding (PB) are 
clearly apparent.

illustration of the concept of ‘partial bonding’ (Fig. 7.9b). A large planar 
defect associated with fatigue crack initiation is shown in Fig. 7.10.

Both types of defect appear to be activated preferentially by high levels 
of plasticity, for example during fast fracture or at high fatigue crack growth 
rates.1 One explanation for this observation lies in the different deformation 
histories of the two streams of metal entrained from the advancing and 
retreating sides of the tool. The different thermomechanical histories lead 
to different dislocation densities and distributions and hence to the observed 
macrostructure during etching. It would also be expected that adjacent 

15 kV X19 1 mm 21  56  SEI

7.10 Large planar defect on the fracture surface of a weld made in 
5083-H321 alloy with a tool feed rate of 85 mm min−1 and a pitch of 
0.32 mm/rev.
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layers would show different strain hardening exponents and microhardness 
values. This causes scatter in microhardness values in the weld nugget and, 
more importantly, could also lead to strain partitioning in the layers during 
subsequent deformation processes. Limited work by the present authors 
has indicated that the Vickers microhardness does indeed vary between 
different layers in the onion skin macrostructure.

Figure 7.11(a) demonstrates this for measurements made with a 25 gf 
load. For comparison, measurements made under a 200 gf load average out 
the hardness values in the onion skin macrostructure and give a much 
smoother transition from the parent plate hardness of around HV98 to 
perhaps HV77 in the weld nugget (Fig. 7.11b). Coupling this weld artifact 
with subsequent plastic deformation during loading offers the possibility of 
strain partitioning occurring with strain localisation at interfaces between 
adjacent ‘hard’ and ‘soft’ layers. Fracture would then preferentially occur 
along these partially bonded interfaces, leading to defects of the type seen 
in Figs. 7.9 and 7.10.2

7.3 Crack paths in tensile and fatigue fracture

A strain-hardening alloy like 5083-H321 therefore provides an interesting 
case study in terms of failure mechanisms, defects and their effect on tensile 
strength and fatigue performance. Welds made under different process 
conditions often show a crossover in dynamic performance in going from 
the high-stress short-life regime (~5 × 104 cycles) to the low-stress long-life 
regime (>106 cycles). This refl ects their ability to reduce local strain con-
centrations through plastic fl ow and, for an alloy like 5083-H321, the pres-
ence and triggering of partial bond defects. Previous work3 has shown that 
relationships exist between defect type, average fatigue life, average tensile 
strength and frictional power in 5083-H321 alloy.

Frictional power can be calculated using the equation given below, which 
is from Frigaard and Midling29 and uses an effective coeffi cient of friction 
defi ned by Santella et al.30

P F rzin1
4
3

= πμ ω

where µ is an effective coeffi cient of friction under the tool shoulder, Fz is 
the downwards force on the tool, ω is the tool rotational speed in radians 
per second and r is the radius of the tool shoulder.

Frictional power correlates well with tensile strength and with fatigue life 
(here measured at a single value of peak applied stress of 242 MPa, which 
is equivalent to a life of 2 × 105 cycles in unwelded parent plate) as dem-
onstrated in Fig. 7.12. Lower values of frictional power input provide higher 
tensile strengths and this can be related to the necessity to establish high 
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7.11 (a) Vickers microhardness (HV25) measurements in the onion skin 
structure vary between approximately 77 and 92. (b) HV200 values 
range from around 98 in the parent plate to 77 in the weld metal.

enough temperatures to ensure adequate plasticisation of the alloy during 
the welding process (coeffi cient of friction has an inverse linear relationship 
to tool temperature); this in turn leads to a lower power requirement during 
welding. Lower frictional power (which, as noted above, occurs when 
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7.12 Frictional power input correlates well with tensile strength and 
with fatigue life (measured at a single value of peak applied stress of 
242 MPa, which is equivalent to a life of 2 × 105 cycles in unwelded 
parent plate).

temperatures during welding are high enough to give ‘adequate’ plasticisa-
tion for a good weld bond to be made) also gives the highest observed 
fatigue lives at this value of applied stress. The message is clear; a low fric-
tional power requirement during welding occurs at higher temperatures, 
which ensure adequate plasticisation and the creation of a sound metal-
lurgical bond during welding.

It is, however, interesting to note that, although both fatigue life (at one 
specifi c value of applied stress) and tensile strength have a good correlation 
with frictional power, there is no strong correlation between the two per-
formance parameters. This is believed to refl ect the greater infl uence that 
the partial bond defects have on fatigue crack paths, in particular the very 
detrimental effects of large planar facets on crack initiation. No correlation 
was found between the 0.2% proof strength and the fatigue life. Since 
fatigue crack initiation is a yield-related phenomenon, this observation sup-
ports a conclusion that crack path effects are the primary cause of the rela-
tively low ratios of tensile strength (expressed as welded/parent plate 
values) observed in this alloy and that they also dominate fatigue crack 
initiation and growth. Thus high performance welds would be expected to 
show less evidence of defects on the fracture surface and this is supported 
by fractographic observations (Fig. 7.13).
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Fatigue life appears to be increasing again at the higher values of fric-
tional power albeit with greater scatter than is observed at lower values of 
frictional power. It is not easy to identify any underlying rationale for an 
increase in fatigue strength occurring concomitantly with a continuing 
decrease in tensile strength and further work is required to explore this 
possibility.

Many other authors have also considered performance issues as a func-
tion of choice of FS welding parameters, defect type and alloy.6,7,9,18,21,24,31

7.4 Friction taper stud welding

As noted above, friction taper stud welding was developed to deal with the 
problem of in situ creep crack repair in thermal power station pipelines. 
The friction stir processing research group at the Nelson Mandela Metro-
politan University has taken the concept to the stage of industrial trials 
using a portable welding machine. Details of the process have been reported 
in the literature32 and Fig. 7.14 shows a metallurgical cross-section of a 
typical weld in 9CrMo910 creep-resistant steel, 40 mm thick. Welding 
involves machining a tapered hole in the pipe wall to remove the damaged 
material and then plugging it with a rotating tapered stud of the same 

7.14 Friction taper stud weld made in 40 mm plate of 10CrMo910 
creep-resistant steel. The tool is a consumable in this process and has 
been cut off after completing the weld. In practice the protruding part 
of the stud tool would be ground back to the surface with care taken 
to eliminate the ‘fl ash crack’ (arrow).
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(a) (b)

7.15 (a) Schematic of the FTSW machine mounted in situ on thick-
walled pipe. (b) Prototype FSTW machine in the NMMU laboratories.

alloy.12 Critical parameters include the taper angles of the hole and stud, 
the downwards force and the time taken to make the weld.12

The prototype portable welding machine is illustrated in Fig. 7.15 and 
utilises a fully automated welding cycle with pre-programmed rotational 
speed, welding force, tool travel, forging force and forging time. This results 
in very consistent process control, the details of which are monitored and 
recorded for verifi cation purposes. Maximum operating parameters are a 
spindle speed of 6000 rpm, vertical welding force of 40 kN and a vertical 
head travel of 100 mm. The equipment consistently produces a fully bonded 
interface on a 25 mm deep friction taper plug weld in 40 mm thick steel, 
with a typical weld time of 20–60 s.

Observed defects in the FTSW process include voids and incomplete 
bonding, particularly towards the bottom of the hole to be plugged. Typical 
examples of such defects are shown in Fig. 7.16 and their avoidance is pri-
marily a function of achieving the correct relative taper for the hole and 
the rotating stud, and correct choice of process conditions (particularly 
welding duration). These need to be determined empirically, but once they 
have been identifi ed, repeatable sound welds are easily achieved (Fig. 
7.15a). A new type of defect observed with this process has been termed 
‘fl ash cracking’ by the present authors, as it occurs at the interface between 
two streams of extruded metal. The location of such defects is indicated in 
Fig. 7.14, while Fig. 7.17 shows a typical defect observed in 709M40 steel. 
The other potentially signifi cant class of defect in FTS welds are what 
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7.16 Voids and incomplete bonding at the bottom of a friction taper 
stud weld.

S

H

7.17 Typical fl ash defect observed at the interface between metal 
extruded from the rotating stud (S) and that extruded from the side of 
the hole (H).

appear to be intergranular solidifi cation cracks in the zone at the bottom 
of the weld (Fig. 7.18). This region will be the last to cool after welding and 
the mechanism of cracking is thought to be similar to centre-line cracking 
observed in fusion welding as a result of constitutional supercooling.

�� �� �� �� ��



182 Failure mechanisms of advanced welding processes

© Woodhead Publishing Limited, 2010

1 mm

7.18 Apparent intergranular solidifi cation cracks in the zone near the 
bottom of the weld.

7.5 Friction stir spot welds

Spot friction stir welding (SFW) or friction stir spot welding (FSSW) was 
developed and patented by Mazda Corporation and Kawasaki Heavy 
Industries in 2003 as a solid state joining technique for aluminium alloys. 
As reported by Thoppul and Gibson,33 work by Briskham et al.34 which 
compared joints made by resistance spot welding (RSW) and SFW, on the 
basis of strength, process time and cost (equipment and running cost), con-
cluded that the lap shear strength of joints produced by the SFW process 
were comparable to those produced by RSW. SFW process advantages are 
lower power consumption and hence lower running costs than RSW, long 
tool life, high productivity and high reliability. The SFW process is essen-
tially similar to the fi rst part of the FSW process where the tool is plunged 
into the workpiece and a dwell time is allowed to heat the alloy to an 
appropriate temperature for plasticisation to occur. Withdrawal of the tool 
leaves a characteristic pin-diameter hole in the centre of the weld.

Parameters that infl uence the properties of SF welds are similar to those 
that are infl uential in FSW; tool rotational speed, temperature, depth and 
rate of tool penetration, vertical force and dwell time. Thoppul and 
Gibson10,33 have reviewed a number of these aspects and refer to other 
recent review papers. Their own work concluded that short processing times 
(less than 1.6 s) cause formation of cracks and holes above the joint inter-
face in the direction of fl ow and below the shoulder.

Tool geometry effects are known to be highly infl uential in FSW35 and 
this would be expected to carry over into SFW. Thus recent work has con-
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sidered tool shoulder infl uences (fl at and concave) on SFW joints36,37 and 
pin depth effects.38 Lin et al.36,37 concluded from their work on failure modes 
and fatigue life of SFW joints in aluminium alloys that the failure mecha-
nisms are different when the joint is subjected to quasi-static and cyclic 
loading conditions and that the failure mechanisms at low fatigue lives (103 
to 104 cycles) are different to those observed at longer lives (104 to 105 
cycles). Under quasi-static loading conditions, failure occurs predominantly 
by necking around the circumference of the weld nugget. Under low cycle 
fatigue loading, failure occurs as a result of interfacial cracks developing 
though the stir zone, whereas in high cycle loading failure occurs as a result 
of the propagation of cracks in the through-thickness direction. In their 
work on pin length Tozaki et al.38 observed two fracture modes: shear frac-
ture of the nugget and mixed mode fracture under shear loading of the lap 
joint, and nugget debonding and pull-out under loading perpendicular to 
the lap joint. The wide observed range of failure mechanisms refl ects the 
complexity of loading attendant on a spot welded lap joint.

7.6 Residual stresses in friction stir welds

Plastic fl ow is the key feature underlying failure mechanisms and weld 
performance in friction stir welds. It is controlled by tool geometry and 
process parameters and infl uences microstructure, hardness, residual 
stresses and defect population. In this brief overview of failure mechanisms 
in friction stir welds, it is relevant to consider typical residual stress distribu-
tions and their relationship to weld process parameters. Modern synchro-
tron and neutron radiation sources are well suited to non-destructive strain 
scanning experiments aimed at measuring residual stress/strain and the 
infl uences of post-weld loading. A number of such studies have been carried 
out and typical results are reported by James and co-workers.17,32,39

Stresses in a solid-state process like friction stir welding will be lower 
than those associated with fusion welding and peak tensile values of stresses 
in the longitudinal direction (parallel to the weld) are typically around 40% 
of the 0.2% proof strength (254 MPa in 5083-H321 alloy). Peak tensile 
values of stress in the direction transverse to the weld are some 15–20% of 
the 0.2% proof strength. Tensile stress values tend to be slightly higher on 
the advancing side than on the retreating side and details of the residual 
stress distributions refl ect the tool pin and shoulder diameters. Peak tensile 
values occur at the TMAZ–parent plate interface, corresponding to the tool 
shoulder diameter.

The data presented by Lombard et al.17 indicate that, in 5083-H321 alloy 
at a given feed rate, changes in tool rotational speed (refl ecting changes in 
heat input) have a signifi cant effect on residual stresses in the weld nugget 
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and TMAZ regions, with a decrease in peak tensile longitudinal stresses of 
around 50% occurring at a feed rate of 135 mm/rev, as the tool rotational 
speed increases from 254 rpm to 635 rpm. Peak tensile values of the trans-
verse residual stress are less affected, with perhaps a 10–20% change 
observed. Figure 7.19 presents the residual stress data measured using syn-
chrotron X-ray diffraction for a feed rate of 135 mm/rev. Peak tensile values 
of longitudinal residual stress have a linear correlation with heat input, 
calculated from the welding parameters, and heat input appears to be domi-
nated by the feed rate rather than pitch or tool rotational speed.

Many authors have considered residual stresses in FS welds and their 
infl uence on fatigue crack growth. Even though their peak magnitudes are 
lower than observed in fusion welding, residual stress has still been found 
to dominate fatigue crack growth behaviour.40 A much smaller number of 
studies have explicitly considered the infl uence of fatigue loading on resid-
ual stress in FS welded specimens.39 In the work by James et al.39 a progres-
sive sequence of loads was applied to different FS welded plates in which 
the as-welded residual stresses had been measured using synchrotron X-ray 
diffraction. The load sequence went from a single load cycle at R = 0, 
through a single cycle at R = −1, to 100 cycles at R = −1 and several values 
of peak load were used. Residual stresses were then remeasured.

Results indicated that fatigue loading accentuates the compressive and 
tensile peak stresses in these plates of a cyclically hardening alloy, whilst 
retaining the overall form of the residual stress distribution. There is an 
associated translation of the stress distribution to be more tensile. Increas-
ing the number of applied fatigue cycles from 1 to 100 tends to increase this 
translation effect. Thus fatigue cycling did not relax the residual stresses in 
these strain hardening plates of FSW 5383-H321 aluminium alloy, but rather 
led to a two-fold increase in peak tensile residual stresses after an applied 
bending stress of 150 MPa and a four-fold increase after an applied bending 
stress of 250 MPa. These bending stresses corresponded to fatigue lives of 
around 107 cycles and 105 cycles, respectively, in 40 mm wide specimens.

The overall conclusions to be drawn from the various studies of residual 
stresses in FS welds are that their magnitudes may increase (at least ini-
tially) under cyclic loading, depending on whether the alloy is hardened by 
heat treatment or applied strain, and that, even though the peak values are 
a relatively low, the percentage of the proof strength fatigue life is still 
dominated by residual stress effects and the presence of defects.

7.7 Conclusions

This chapter has outlined a body of work on FS welds that demonstrates 
that their properties, performance and failure mechanisms are dependent 
on plasticisation phenomena and hence on heat input and frictional power 
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7.19 (a) Longitudinal residual stress for FS butt welds in 5083-H321 
aluminium alloy as a function of tool rotational speed at a fi xed feed 
rate of 135 mm min−1. (b) Transverse residual stress for FS butt welds 
in 5083-H321 aluminium alloy as a function of tool rotational speed at 
a fi xed feed rate of 135 mm min−1.
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input. Because of this dependence on complex plastic fl ow processes, strain 
hardening alloys may show additional plastic-deformation triggered failure 
mechanisms to those observed with heat treatable alloys. Tool geometry 
and weld process parameters have a controlling infl uence on performance 
and failure mechanisms, with an additional infl uence for the case of friction 
spot welds arising from the direction of loading relative to the spot joint.

Low levels of frictional power at appropriate levels of heat input, and 
hence temperature, lead to high levels of tensile and fatigue performance. 
It is clear that on-line monitoring of tool forces and torque might give 
insight into the choice of process parameters to produce good welds. Graph-
ical depiction of these parameters via a lobed ‘force footprint’ has been 
proposed41 to provide a useful way of choosing optimum tool parameters 
in FSW. The magnitude of the lobed diagram, its area and its rotation during 
welding are believed to refl ect fundamental information about plastic 
deformation processes.

Although a signifi cant body of work exists that deals with failure mecha-
nisms, static and dynamic performance of FS welds, far less information 
exists on the role of residual stresses and their modifi cation by service loads. 
Advanced strain scanning techniques, coupled with numerical modelling 
will lead to progress in this area.
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8
Microstructure characteristics and mechanical 

properties of the magnesium and aluminium 
alloy laser weld bonded joint

L. L I U, Dalian University of Technology, China

Abstract: Laser weld bonding (LWB) is a new welding technique which 
combines laser welding and adhesive bonding and is used here for the 
formation of a magnesium and aluminium alloy. The LWB joint exhibits 
better mechanical properties than either the adhesive bonded or the 
laser welded joint alone. Distributions of magnesium–aluminium 
compounds in an LWB joint differ from those in a laser welded joint. 
The addition of adhesive changes the surface tension of the aluminium 
alloy and subsequently infl uences the microstructures in the fusion zone 
of the joint. There are fewer micro-cracks in the fusion zone of an LWB 
joint than in that of a laser welded joint. The properties of the LWB 
magnesium to aluminium joint are improved by a combination of 
adhesive bonding and laser welding.

Key words: adhesive, Al alloy, laser weld bonding, mechanical 
properties, Mg alloy, microstructure.

8.1 Introduction of laser weld bonding technique

With the rapid development of magnesium alloys, the joining of these alloys 
to aluminium alloys is attracting increased attention. Joining processes such 
as tungsten inert gas welding (TIG) (Liu L et al., 2006), laser welding (Bor-
risutthekul et al., 2005), laser–TIG hybrid welding (Liu X et al., 2005), fric-
tion stir welding (FSW) (McLean et al., 2003; Somasekharan and Murr 2004; 
Gerlich et al., 2005; Yan and Xu, 2005; Sato et al., 2004; Chen and Nakata, 
2008) and diffusion bonding are typically employed to join magnesium and 
aluminium alloys (Liu L et al., 2007, Zhao and Zhang 2008; Wang et al., 2008; 
Mahendran et al., 2009). Mg–Al intermetallic compounds are found in most 
Mg–Al joints and are known as a brittle phase in the fusion zone which 
adversely infl uences the joint strength. Thus it is diffi cult to join these alloys 
with fusion welding alone and new welding techniques need to be devel-
oped in order to improve the strength of the joint.
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Adhesive is known to contribute to structural integrity, ease of manufac-
turing, enhanced performance, improved safety and savings in cost and time. 
When loaded, there is a uniform distribution of stress over the bonded area 
(Darwish and Ghanya, 2000) and there are other advantages, such as excel-
lent fatigue resistance and good energy absorption (Pocius, 1996). There 
are also some shortcomings, such as limited tolerance of a low, or even 
moderately high and short working life (Landrock, 1985). Weld bonding 
may improve these to a certain extent, especially in the automobile industry. 
However, the weld bonding process makes heavy demands on space and 
technological procedures and therefore is not widely applied in the manu-
facturing industry. Consequently, laser (spot) weld bonding technology, a 
combination of adhesive bonding and laser spot welding, is studied and used 
to join the AA5754n aluminium alloy in automobile structures (Messler et 
al., 2003). The manufacture of aircraft skin structures by this method is still 
under development in the Edison Welding Institute (Grant Wilson, 2005).

Laser weld bonding technique is a new kind of welding technology. It 
has been developed as an alternative to adhesive bonding and laser 
welding. Laser welding has a small heat effect zone, which has little effect 
on the adhesive bonding area. The adhesive in the fusion zone decomposes 
during the laser welding process, which produces little effect on the prop-
erties of the joint. Thus, it can be assumed that laser welding and adhesive 
bonding hardly affect each other. The advantages of laser welding and 
adhesive bonding are both included in the laser weld bonding technique. 
Adhesive provides excellent stress distribution over large bonding areas 
and laser welding improves the peel resistance of adhesives. Thus a laser 
weld bonded joint has better mechanical properties than either a laser 
welded or adhesive bonded joint alone. Laser weld bonding is a new hybrid 
technique that combines metallurgical joining, mechanical joining and 
chemical bonding.

Laser weld bonding technology was fi rst reported for joining magnesium 
and aluminium alloys in 2006 (Liu L et al., 2007b). Element distribution in 
laser weld bonded joints was analysed for the fi rst time in 2007 (Liu L et 
al., 2007a). Aspects of laser weld bonded joints were differentiated and 
explained in 2007 (Wang et al., 2007). The addition of adhesive changed the 
distribution of the magnesium–aluminium intermetallics, which helps to 
improve the bond quality. The strength of the laser weld bonded joint is 
approximately 80% that of magnesium base metal.

The sample confi guration of the laser weld bonded joint of magnesium 
and aluminium alloys is shown in Fig. 8.1. In the laser weld bonding process, 
the sheet of magnesium is placed on top of the aluminium sheet and adhe-
sive is applied between the layers. Laser power is applied to the surface of 
the magnesium sheet. The welding parameters are the main factors infl uenc-
ing the joint properties.
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8.1 Confi guration of the LWB Mg to Al joint.

8.2 Laser weld bonding process

In the process of regular adhesive bonding, the surface condition of the 
alloys must be controlled carefully. But laser weld bonding is even more 
complex. Figure 8.2 shows the process of laser weld bonding. The materials 
are fi rst abraded by 800 grit emery paper and then degreased with acetone. 
Afterwards, the magnesium and aluminium alloys are etched clean with 
sodium dichromate and sodium hydroxide solutions, respectively. Both the 
magnesium and aluminium sheets are coated with adhesive with a thickness 
of about 0.1 mm. Laser power is applied to join the alloys. Finally, the joints 
are cured at 175°C for 30 min.

The adhesive decomposes under the effect of the laser. In order to 
decrease the effect of this decomposition on the joint, the laser power, 
defocusing amount and welding speed must be accurately controlled, which 
determines the power density of the laser welding. There is an interrelation-
ship between laser power, defocusing amount and welding speed. Once the 
thickness of adhesive is determined, a change in any one parameter will 

Plate preparing Surface treating Adhesive coating Adhesive bonding

Curing Laser welding Surpressing

8.2 Process of laser weld bonding Mg alloy to Al alloy.
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infl uence the others. The infl uences of the welding parameters are discussed 
separately below.

8.2.1 Infl uence of welding speed on penetration

The main welding parameters discussed in this chapter are laser power, 
defocusing amount and welding speed. Each parameter is discussed with 
the other two fi xed. In these experiments, the thickness of the adhesive is 
about 0.1 mm, as often used in weld bonding and adhesive bonding pro-
cesses (Al-Samhann and Darwish 2003; Vable and Maddi, 2006).

Welding speed is an important parameter in the laser weld bonding tech-
nique. Figure 8.3 shows the different penetrations when welding speed is 
increased. The welding depth is initially almost constant and then decreases 
quickly. When the welding speed is low, more adhesive decomposes. But 
when the welding speed increases to an upper limit, the adhesive cannot 
decompose completely. Here, only a small part of the laser beam power can 
be absorbed by the aluminium alloy, reducing welding depth in that alloy. 
If the welding speed is very high, the decomposed products cannot escape 
from the fusion zone. Subsequently, some porosity will appear in the joint, 
infl uencing its mechanical properties.
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8.3 Penetration varies with welding speed.
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The results of tensile shear testing of the joints at different welding 
speeds are shown in Table 8.1. It is obvious that the sample with the highest 
welding speed and deepest penetration does not show the highest shear 
strength, but the sample with the speed of 300 mm min−1 does. If the welding 
speed is low, the part of the laser power absorbed by the alloys is large, and 
the magnesium alloy evaporates easily. With the thermal effect of laser 
beam power, some of the evaporated magnesium alloy makes a depression 
on the surface of the LWB joint, as shown in Fig.12.4. Consequently, the 
welding speed must neither be too high nor too slow.

Table 8.1 Tensile shear forces on LWB samples at different welding 
speed

Welding speed V (mm min−1) Tensile shear force F (kN, average)

200 2.56
250 3.45
300 6.07
350 5.84
400 3.21

Laser power: 350 W; Defocusing amount: −3 mm

8.4 Surface of weld in LWB joint with low welding speed.�� �� �� �� ��
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8.2.2 Infl uence of defocusing amount

Defocusing amount is another important factor in the laser weld bonding 
technique, which can determine the energy density of laser beam power to 
a certain extent. There are two kinds of defocusing amount, positive and 
negative. Figure 8.5 shows the varied penetration that occurs with different 
defocusing amounts. When the absolute value of the defocusing amount is 
too small, it is impossible to obtain a good joint. Thus in the middle of the 
image, there are no value points. The energy density of laser beam power 
increases with decreasing absolute values of the defocusing amount. Figure 
8.5 shows that, with the increase in the absolute value of the defocusing 
amount, the welding depth of the joint decreases gradually. Table 8.2 shows 
the results of a tensile shear test on the joints under different defocusing 
amounts. As the absolute value of the defocusing amount decreases, the 
tensile shear strength of the joint fi rst increases and then decreases. Decreas-
ing the absolute value of the defocusing amount increases the welding 
depth, but doubles and redoubles the plasma force of the laser beam. The 
plasma force will act on a small area, which is determined by the walk-off 
angle and the defocusing amount. If the plasma force is too large, the 
surface of the welding joint will be destroyed by the force, resulting in a 
similar performance, shown in Fig. 8.4.
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8.5 Penetration varies with defocusing.
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It can also be observed that, with the same penetration, the absolute 
value of the positive defocusing amount is smaller than that of the negative 
one. In a positive defocusing amount welding process, the distribution of 
the laser beam power is in a triangular form, thus more adhesive decom-
poses during the process, which will have a deleterious effect on the 
mechanical properties of the welded joint. It is easier to obtain a deeper 
penetration in the negative defocusing amount welding process, during 
which the distribution of laser beam power is in an inverted triangular form, 
resulting in a lesser degree of adhesive decomposition. Thus the negative 
defocusing amount laser weld bonding process has a lesser effect on the 
mechanical properties of the welded joint.

8.2.3 Infl uence of laser power

Laser beam power is the decisive factor in the penetration in an LWB joint. 
Figure 8.6 shows different penetrations with increasing laser beam power. 
The welding depth increases as the laser beam power increases. As the laser 
beam power exceeds 400 W, the penetration increases more quickly. Here, 
the laser welding mode in both aluminium and magnesium alloys is a 
keyhole model. The results of a tensile shear test on the joints are displayed 
in Table 8.3. A laser beam power of 350 W produces a joint with the highest 
tensile shear strength.

Figure 8.7(a)–(c) shows the characteristics of the microstructure models 
with different laser beam powers in the LWB fusion zone. When the laser 
beam power reaches 260 W, a small part of the aluminium alloy is melted 
in the welding process and a magnesium–aluminium intermetallic layer 
appears at the bottom of the fusion zone.

An X-ray diffraction (XRD) pattern of the fracture, shown in Fig. 8.8, 
confi rms the composition of Mg–Al intermetallics. Thus the joint, having 
poor mechanical properties, will fail at the intermetallics layer. When the 

Table 8.2 Tensile shear forces on LWB samples with different defocusing 
amount

Defocusing amount D (mm) Tensile shear force F (kN, average)

−4 4.27
−3 6.12
−2 4.76

2 4.85
3 3.02

Laser power: 350 W; Welding speed: 300 mm min−1
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8.6 Penetration varies with laser beam power.

Table 8.3 Tensile shear forces on LWB samples at different laser power

Laser power P (W) Tensile shear force F (kN, average)

200 2.95
260 4.12
310 5.02
350 5.98
409 3.02
451 2.44

Welding speed: 300 mm min−1; defocusing amount: −3 mm

laser beam power is increased to 350 W, a larger quantity of the aluminium 
alloy melts and more of the adhesive decomposes. Diffusion between mag-
nesium and aluminium alloys is prevented by the decomposition of the 
adhesive and the thickness of the intermetallic layer decreases. This kind of 
joint will fail at the edge of the magnesium fusion zone.

X-ray diffraction analysis of the fracture shown in Fig. 8.9 confi rms 
not many combinations of magnesium–aluminium intermetallics. This 
improves the mechanical properties of the joint. When the laser beam 
power is increased to 400 W, more aluminium alloys melt and the adhesive 
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8.7a Microstructure mode in the LWB joint laser power: (a) 260 W, 
(b) 350 W, (c) 400 W.
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8.8 XRD pattern of the LWB joint fracture (laser power: 260 W).
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decomposes rapidly, with a complex effect on the fusion zone. The interme-
tallic compounds are observed across almost the entire fusion zone. Many 
continuous cracks are observed in the high power LWB magnesium to 
aluminium joint. This results in inferior mechanical properties in this kind 
of joint.

As laser beam power is increased, the amount of melted aluminium 
increases. With low laser beam power, all the melted aluminium reacts with 
the melted magnesium forming Mg–Al intermetallic compounds at the 
bottom of the fusion zone. With higher laser beam power, more aluminium 
is melted and more adhesive decomposition occurs, preventing the diffusion 
between the melted magnesium and aluminium alloys. Thus the thickness 
of the intermetallic layer is reduced. As the laser beam power is increased 
further, the welding mode in aluminium alloy turns into a keyhole mode, 
where more alloy is melted, with a greater reaction between the melted 
magnesium and aluminium alloys. Here, the decomposition of the adhesive 
has a complex effect on the entire fusion zone, resulting in more Mg–Al 
intermetallics in the fusion zone. In the LWB process, the Mg–Al interme-
tallics and the microstructure in the fusion zone change as the laser beam 
power is varied, thus determining the properties of the joint. After numer-
ous experiments, the welding parameters are optimized, as shown in Table 
8.4, and the corresponding joint performance is exhibited in Fig. 8.10.
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8.9 XRD pattern of the LWB joint fracture (laser power: 350 W).
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Table 8.4 Welding parameters in laser weld bonding Mg alloy to Al alloy

Welding parameters Quantity

Laser power 300~400 W
Welding speed 300~500 mm min−1

Defocusing amount −3 mm
Adhesive thickness 0.1~0.2 mm

Mg

Al

8.10 LWB Mg to Al joint with good performance.

8.3 Microstructure analyses of the laser weld bonded 

Mg to Al joint

8.3.1 Microstructure in the fusion zone

In a LWB joint, the magnesium alloy is melted completely, while the alu-
minium alloy is welded in a conductive mode or a keyhole mode. The joint 
with the keyhole welding mode in the aluminium alloy does not result in 
good properties, as discussed in the previous section. Thus, the microstruc-
ture of this kind of joint has not been analysed in detail. The microstructure 
analysed below focuses mainly on joints with a conductive welding mode 
in aluminium alloy.
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The transverse section of the laser welded joint and the LWB joint are 
observed using a scanning electron microscope (SEM), as shown in Fig. 8.11. 
In the fusion zone, there are no obvious welding defects. As the character-
istics of the magnesium and aluminium alloys differ, the microstructures of 
the magnesium and aluminium fusion zones are analysed separately.

Figure 8.12 shows the SEM image of the fusion zone of the magnesium 
alloy. The grains in the fusion zone are refi ned in the laser welding process. 
There are not many combinations of Mg–Al intermetallics in the magne-
sium fusion zone and no residual adhesive remains.

The Microstructures of the interface between magnesium and aluminium 
alloys are shown in Fig. 8.13. Fine gains are mostly observed in the interface 
of the joint with some microcracks. These microcracks are located in the 
Mg–Al intermetallics or in the interface between the Mg–Al eutectic phase 
and the Mg–Al intermetallics, as shown in Figs 8.14 and 8.15. These small 
and scattered microcracks have little effect on the properties of the joint. 
However, large and continuous microcracks can also be observed in the 
laser welded magnesium to aluminium joint and these do have an adverse 
effect on the properties of the joint. Variation in microcracks in the laser 
weld bonding process is apparently caused by the addition of adhesives.

With the same welding parameters in the LWB joint and laser welded 
joint, different microcracks in the fusion zone are observed. Accordingly, 
the addition of the adhesive affects the formation of microcracks. Their 

400 µm

8.11 Microstructure of a laser weld bonding Mg to Al joint.
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15 µm

8.12 Optical microstructure in Mg fusion of a LWB Mg to Al joint.

20 kV X1.000 10 µm

C

8.13 Microstructure of the interface between the Mg alloy and the Al 
alloy in the joint.
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20 kV X5.000 5 µm

C1

C2

8.14 Microcracks in laser weld bonding Mg to Al joint.

20 kV X1.000 10 µm

8.15 Microstructure of laser weld bonding Mg to Al joint.
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formation is originally infl uenced by the temperature distribution and 
phase composition in the fusion zone. The addition of adhesive is the reason 
why the temperature distribution in the LWB joint differs from that in the 
laser welded joint. In order to prove the temperature changes in the LWB 
joint, thermal infra-red imager analyses of the surface of the magnesium 
alloy are performed and thermal couples are used to analyse the surface 
temperature of the aluminium alloy.

Figure 8.16 is a diagram of the thermal infrared imager analysis system. 
As the laser induced plasma infl uences the thermal infrared image measure-
ment, the temperature at the centre of the fusion zone is not investigated. 
Instead, a temperature line scan is performed in the fusion zone, 0.4 mm 
away from the centre of the laser beam. In this experiment, the radiance of 
the magnesium is 0.9. For comparison, the temperature of the magnesium 
alloy in the laser welding process without adhesive is measured in a similar 
manner. Figure 8.17 shows the results of the temperature line scan on mag-
nesium alloy. It is clear that the temperature in the laser welding process is 
higher than in the LWB process. And the high temperature range (>300°C) 
in laser welding is higher than that in the LWB process. Conclusively, the 
energies absorbed by the magnesium alloy in the laser welding process are 
greater than those absorbed in the LWB process and subsequently the 
temperature of the magnesium alloy in the laser welding process is higher 
than in the LWB process.

Laser
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al infrared im
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Mg

Al

W
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di
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n
0.4 mm
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8.16 Diagram of thermal infrared imager analysis system.
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Laser welding
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8.17 Results of the line scan of temperature on the surface of Mg 
alloy.

Figure 8.18 shows the set-up of the temperature analysis system with a 
thermal couple. The diameter of the thermal couple is 0.2 mm and the 
temperature measured is the average value in this area. In order to obtain 
the accurate temperature of the aluminium alloy, thermal couples are not 

Laser

Welding direction

Fusion zone

d = 0.2 mm

1 mm

Mg

Al

Thermal coupleThermal couple

Adhesive

8.18 Set-up of the temperature analysis system with the thermal 
couple.
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put in the fusion zone. Instead, the fi rst measured point is located at the 
edge of the fusion zone as shown in Fig. 8.18, and the second point is placed 
1 mm away from the fi rst point. For comparison, the temperature of the 
aluminium alloy is measured similarly in the laser welding process.

Figures 8.19 or 8.20 show the thermal couple measured temperatures of 
aluminium alloys. It is evident that the temperature of the aluminium alloy 
in the laser welding process is lower than that in the LWB process and that 
the cooling rate in laser welding is slower than in the LWB process. In addi-
tion, the temperature difference at the fi rst point between the LWB and the 
laser welding in the fusion zone is larger than that at the second point. The 
energy absorbed by the aluminium alloy in the LWB process is larger than 
that in the laser welding process. Accordingly, the temperature on the 
surface of the aluminium alloy in the LWB fusion zone is higher than that 
in the laser welding fusion zone as a result of the addition of adhesive.

According to the temperature measurements on the surface of the mag-
nesium and aluminium alloys, the temperature distribution in the LWB 
fusion zone is also observed to differ from that in the laser welding fusion 
zone. In the LWB process, the adhesive changes the surface state of the 
aluminium alloy, increasing its capacity to absorb laser power and subse-
quently raising its temperature in the melted state. However, the tempera-
ture of the magnesium alloy in the LWB process is lower than in the laser 
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8.19 Results of temperature measurement of point 1 on the surface of 
the Al alloy.
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8.20 Results of temperature measurement of point 2 on the surface of 
the Al alloy.

welding process. The distribution of temperature in the LWB fusion zone 
is more consistent than in the laser welding fusion zone. Thus, the tempera-
ture difference between the melted magnesium alloy and the melted alu-
minium alloy in a LWB joint is lower than in the laser welded joint. In laser 
welding and in the LWB process, the Mg–Al intermetallic phase and the 
Mg–Mg17Al12 hyper-eutectic phase are observed at the interface between 
the alloys. In addition, a temperature gradient exists in the interface between 
the alloys. Thus it may be deduced that the temperature gradient exists at 
the interface between the Mg–Al intermetallic phase and the Mg–Mg17Al12 
eutectic phase. In the cooling process, the higher the temperature gradient, 
the larger the thermal stress, with a greater tendency to form microcracks. 
In addition to the temperature gradient, the difference between the Mg–Al 
intermetallic phase and the Mg–Mg17Al12 eutectic phase also promotes the 
formation of microcracks.

Figure 8.21 shows the longitudinal cross-sectional hardness values in the 
LWB fusion zone. From the top to the bottom of the fusion zone, the hard-
ness values fi rst increase slowly, then sharply, reaching approximately 
150 Hv and fi nally decrease at the bottom of the fusion zone. The hardness 
of the Mg17Al12 eutectic phase is obviously lower than that of the Mg–Al 
intermetallic compounds. As a result of the compressive residual stress, the 
interface between the Mg–Al intermetallic phase and the Mg–Mg17Al12 
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8.21 Longitudinal cross-sectional hardness profi le in LWB fusion zone.

eutectic phase is the weakest spot in the fusion zone. The temperature dif-
ference between the intermetallic and Mg–Al eutectic phases in the laser 
welding process is obviously higher than that of the LWB process. Thus in 
the laser welding process, the thermal stress will signifi cantly increase the 
formation of microcracks when compared with the LWB process. In conclu-
sion, the formation of microcracks in the fusion zone is mainly determined 
by the characteristic difference and the temperature difference between the 
Mg–Al intermetallic phase and the Mg–Mg17Al12 eutectic phase.

8.3.2 Element distributions in the fusion zone

The transverse sections of the laser welded joint and the LWB joint are 
examined by Electron probe micro analyser (EPMA), as characterised in 
Fig. 8.22. In the laser welded joint, a layer of intermetallic compounds is 
observed at the bottom of the fusion zone, indicated by the arrows in Fig. 
8.22(a) and (b). The Mg–Al intermetallic is about 100 µm thick. In the laser 
welding process, only a few aluminium alloys are melted and the weakness 
of the joint lies in the interface between the Mg–Al eutectic phase and the 
intermetallics. Figure 8.22(c) and (d) illustrate the distributions of magne-
sium and aluminium elements at the LWB joint. It is observed that the 
content of the magnesium element at the bottom of the LWB fusion zone 
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(a) (b)

(c) (d)

(e) (f)

Mg 300 µm

Mg 350 µm

350 µm0 350 µm0

Al 300 µm

Al 350 µm

8.22 Transverse section EPMA analyses of the joint of laser welding 
and LWB. (a) Face scan of element Mg in laser welding joint, (b) face 
scan of element Al in laser welding joint, (c) face scan of element Mg 
in LWB joint, (d) face scan of element Al in LWB joint, (e) face scan of 
element C in LWB joint, (f) face scan of element O in LWB joint.
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(a) (b)

150 µm BEI 150 µm

a-1 a-2 a-3 a-4 a-5 a-6 a-7 b-1 b-2 b-3 b-4 b-5 b-6 b-7 b-8 b-9 b-10 b-11

BEI

8.23 Secondary electron images and quantitative analysis of laser 
welding and LWB joint. (a) Secondary electron images of laser 
welding joint, (b) secondary electron images of LWB joint.

is lower than that in the laser welded joint. At the edge of the fusion zone, 
the concentration of the aluminium element in the LWB joint is higher than 
in the laser welded joint. In contrast to the laser welded joint, the aluminium 
element can enter the centre of the fusion zone in the LWB joint. The dif-
ferent distributions of magnesium and aluminium elements are apparently 
induced by the adhesive decomposition and the fl ow of melted metal. The 
Mg–Al intermetallic layer in the LWB joint is about 50 µm thick, but is not 
continuous. On the left of the fusion zone, there are hardly any Mg–Al 
intermetallics. Thus the infl uence of the intermetallic layer on the properties 
of the LWB joint is limited. It is known that epoxy resin adhesive is com-
posed of carbon, oxygen and hydrogen elements. The property of the joint 
is directly infl uenced by the distribution of these elements. Figure 8.22(e) 
and (f) show the distributions of carbon and oxygen elements in the LWB 
joint. It can be seen that there is only a small amount of carbon and oxygen 
elements in the centre of the LWB fusion zone. It is therefore concluded 
that the adhesive in the fusion zone has little effect on the properties of the 
LWB joint.

Figure 8.23 shows the secondary electron images of laser welded and 
LWB joints. Quantitative analyses of magnesium and aluminium elements 
are conducted in different continual spots labelled as a1–a7 in the laser 
welded joint and b1–b11 in the LWB joint, as shown in Table 8.5. The spots 
analysed are circles 20 µm in diameter. It may be observed that the area 
a2–a5 of the laser welded joint is composed of the intermetallic compounds 
Mg2Al3 and Mg17Al12. These two kinds of intermetallic compounds can be 
found in the Mg–Al binary equilibrium phase diagram shown in Fig. 8.24. 
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However, the situations are not the same in areas b2–b11 of the LWB joint. 
It is obvious that the content of the aluminium element in this region is too 
low to form intermetallic compounds, so this must be a mixture of interme-
tallic compounds and the eutectic phase. For area b1, the Mg17Al12 interme-
tallic compounds, which adversely infl uence the strength of LWB joints, are 
found at the edge of the fusion zone. So the cause of the reduction in inter-
metallic compounds in the LWB joints is the fl uid from the decomposition 
of the adhesive. The vapour from this decomposition may slow down the 
fl ow of liquid magnesium metal, resulting in a decreased level of magnesium 
at the bottom of the LWB fusion zone and a reduction in intermetallic 
compounds in the LWB joint. Figure 8.23 also shows that many continuous 
microcracks exist at the bottom of the fusion zone, decreasing the strength 
of the laser welded joint, while no obvious cracks are observed in the LWB 
joint in Fig. 8.23b.

8.4 Mechanical properties of laser weld bonded Mg 

to Al joint

The LWB joint is divided into two parts: the zone of adhesive bonding and 
the zone bonded by the combination of laser welding and adhesive bonding. 
These are analysed separately in the next section.
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8.24 Mg–Al binary phase diagram.
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8.4.1 Zone of adhesive bonding

Figure 8.25 shows that laser welding melts the magnesium alloy completely, 
while the laser operates in a conductive mode within the aluminium alloy. 
The zone of adhesive bonding is much wider than the zone affected by the 
combination of laser welding and adhesive bonding. If the mechanical 
properties of both laser welding and adhesive bonding are low, the mechani-
cal properties of the total LWB joint will also be low.

During the LWB process, the zone of adhesive bonding is not affected by 
the laser process, indicating the same joining performance as the adhesive 
bonding. The adhesive layer and the metal are joined together by diffuse 
force or mechanical force. In addition, both the aluminium and magnesium 
alloys are abraded before being coated with the adhesive to improve the 
bonding performances by increasing their wetting abilities.

8.4.2 Zone bonded by the combination of laser welding 
and adhesive bonding

In this zone the adhesive is completely decomposed, making a favourable 
fusion between the aluminium and magnesium alloys. It is well known that 
epoxy resin adhesive is composed of carbon, oxygen and some other organic 
elements such as hydrogen. In the weld, no carbon is observed, indicating 
that the microstructures of the LWB weld are minimally infl uenced by the 
adhesive and that a favourable metal fusion can be achieved with proper 
welding parameters. Apparently, the fusion welding of magnesium and alu-
minium alloys will result in intermetallic compounds. Based on X-ray dif-
fraction analyses of the joint (Fig. 8.11), Mg2Al3 and Mg17Al12 are obtained 
in the LWB weld, as is observed in laser welds between these two alloys.

I I

II

A

B

8.25 Different zones in the LWB joint.
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(a)

(b)

8.26 (a) Fracture of sample with favourable fusion, (b) fracture of 
sample with imperfect fusion.

It is very important to obtain consistent penetration between the two 
alloys. During the LWB process, the laser beam impacts fi rst on the mag-
nesium sheet and then on the adhesive layer. On reaching the aluminium 
sheet, the power of the laser beam is weakened signifi cantly. Various laser 
powers will have different levels of penetration. In tensile shear test of LWB 
joints, two kinds of fracture patterns are observed. Figure 8.26(a) shows the 
fracture of the sample with favourable fusion, which fails at the edge of the 
welding joint. Favourable fusion is characterised by a joint containing no 
weld fl aws, little residual adhesive and a continuous penetration between 
the two bonded sheets. Figure 8.26(b) shows the fracture of the sample with 
unfavourable fusion. In this joint, inconsistent penetration between the 
aluminium and magnesium sheets is evident. The sample with unfavourable 
fusion fails at a lower tensile shear force than either of the samples that 
have favourable fusion or adhesive bonding. Consequently, only the LWB 
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joint with the favourable fusion zone where the adhesive decomposes com-
pletely can result in satisfactory mechanical properties.

Unfortunately, the laser beam does not distribute its energy evenly, 
making the joint at the edge of the beam, with incomplete adhesive decom-
position, the most complex zone in the LWB joint.

Tensile shear test results for the two types of joints, laser welded and 
LWB, are given in Table 8.6. The tensile shear load on the adhesive joint is 
determined by the adhesive used in the experiment and differs with the 
adhesive and its thickness, therefore the tensile shear load of the adhesive 
joint is not shown.

In the tensile shear test of the LWB joint, the adhesive layer and laser 
welded joint will share the shear force. The adhesive layer distributes the 
shear load to the whole joint. As the loading increases, it cannot be borne 
by the adhesive layer alone. Subsequently, the metal fusion zone formed by 
the laser participates in the load bearing. As the loading increases, the 
sample fi nally fractures at the edge of the joint. In this process, without a 
favourable metal fusion zone, the adhesive will quickly fail at a lower shear 
force. But without an adhesive layer, the strength of the favourable metal 
fusion alone is limited, causing the joint to fracture at a lower load. Thus, 
only the LWB joint with the combination of an adhesive layer and a favour-
able metal fusion zone is capable of enduring a high shear force.

8.5 Future trends

Laser weld bonding is a new welding technique, which successfully joins 
magnesium and aluminium alloys and in which metallurgic and chemical 
joining are accomplished simultaneously. With the addition of adhesive, the 
microstructures of the magnesium to aluminium fusion zone in the LWB 
joint differ from those in laser welded joints. The properties of the joint 
improve as a result of Mg–Al intermetallic compound reduction. Welding 

Table 8.6 Tensile shear force of the laser welded samples and LWB samples

Form of welding Serial number Shear force (KN) Average (KN)

Laser welding 1 0.17 0.18
2 0.18
3 0.18

LWB 1 5.88 5.79
2 6.15
3 5.33
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parameters in LWB processing are not easy to control and some welding 
defects still occur in the fusion zone. To apply the LWB method in industry, 
the welding processing must become more simple and consistent. In addi-
tion, welding parameters need to be controlled more accurately to minimise 
welding defects in the fusion zone. With a varying series of welding param-
eters, the LWB technique may be applied to other metals such as magne-
sium to steel, aluminium to steel, and so on. In summary, the LWB method 
is still in its early stages and a broader application of the technology will 
depend on the robustness of the process which will be the topic of current 
and future studies.
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9
Fatigue in laser welds

V. C AC C E S E, University of Maine, USA

Abstract: A description of fatigue in laser welds is presented in this 
chapter. The processes of laser welding and hybrid laser arc welding 
are discussed briefl y. Properties of laser welds are summarized related 
to their infl uence on fatigue resistance including comparisons to 
conventional welding techniques. The advantages of laser and hybrid 
laser welding are presented including a description of applications 
where laser welding can be used advantageously. The results of fatigue 
studies of several common connection details are presented including: 
butt-welds, T and double T joints, lap welds and stake welds used in 
sandwich panels. The large variation in fatigue test results which are 
dependent on material and process parameters are demonstrated. 
Fatigue testing of connections fabricated with new materials and 
processes is essential. Research on fatigue response of laser welded 
connections is active.

Key words: butt-welds, CO2 laser, fatigue testing, hybrid welding, 
lap-joints, laser stake welds, laser welding, Nd : YAG laser, T-joints.

9.1 Introduction

Laser beam welding (LBW) has the potential to achieve excellent fatigue 
resistance, especially when used in combination with other more traditional 
methods such as gas-shielded metal arc welding (GMAW) in a hybrid laser 
arc welding (HLAW) process. LBW and HLAW will continue to have an 
increasing impact on engineering design, manufacturing and production. 
Laser welding is a high energy density process that can be used on a wide 
variety of metals and alloys. The automotive industry has used laser welding 
in production since the 1980s. More recently, the ship building and construc-
tion industries are looking toward laser welding to provide cost effective 
and robust structural solutions. Much hope is being placed in laser tech-
niques to weld structural components economically such as fabricated 
shapes made from plates, stiffeners and piping. Components such as sand-
wich panels, which have been troublesome to fabricate economically with 
conventional techniques, can be readily fabricated using laser welding tech-
niques. Originally, laser welding for heavy structures such as ships utilized 
CO2 lasers with up to 45 kW power. Current manufacturing systems are 
looking toward using more effi cient, more versatile and modular state-of-
the-art fi ber lasers with power ratings of 10 kW or more.
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Fatigue in welded structures is a major cause of failure and must be con-
sidered early in the design stage. The properties of laser welded joints can 
be signifi cantly different from those of conventional welds. Experimental 
programs are required to assess the material properties and fatigue resist-
ance of LBW and HLAW welded joints, especially when new processes and 
manufacturing systems are used in the fabrication. Efforts to improve the 
fatigue life of a welded connection will result in more economical and reli-
able structures.

Some of the advantages that can be achieved through laser welding are 
ease of process automation, high welding speed, high productivity, increased 
process reliability, low distortion of the fi nished part and no requirement for 
fi ller metal. With laser welding techniques it is possible, as described by 
Duhamel (1996), to achieve full penetration welds in one pass on materials 
of 25-mm thick, depending on laser power and weld speed, with no fi ller and 
preparation as simple as precision cutting of the edges. In addition, distortion 
of a laser fabricated shape is signifi cantly less than the distortion measured 
in conventionally welded or hot-rolled shapes. Even though fi ller material 
is not required in all cases to achieve a full-penetration laser weldment, lack 
of fi ller may cause undue stress concentrations owing to the geometry of the 
joint, especially if a re-entrant corner exists. Stress concentrations can sub-
stantially reduce fatigue life of a high quality full-penetration weld, solely 
due to the geometry of the weld profi le. The combination of laser welding 
with other processes such as GMAW, which is used to add fi ller material, 
can dramatically improve the weld geometric profi le and quality. HLAW 
joints become much more tolerant of accidental gaps, which can result in 
severe geometric defects such as undercut. An improved weld geometry 
results in lower stress concentrations and hence improved fatigue life.

One of the primary advantages of laser welded assemblies is control of 
distortion, which is proportional to heat input. Heat input causes residual 
stresses and can cause buckling, which is more prevalent when welding 
thinner material compared to thicker. Studies have shown (Masubuchi, 
1984) that an increase in heat input as little as 1% can cause a 25% increase 
in out-of-plane distortion. Conventional submerged arc welding (SAW) 
imparts approximately three to four times more heat than HLAW. Reutzel 
et al. (2008) welded 6.25-mm thick steel panels with 6.2 kJ cm−1 heat input 
and the distortion consisted of minor angular distortion and no buckling. 
The estimated heat input with laser welding was approximately 71% less 
than a conventional welding process.

9.2 Methods of laser welding

The process of using lasers for welding results in differences in properties 
of a welded connection in comparison to arc welding, especially with regard 
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to heat affected zone (HAZ) geometry, hardness, local material strength 
and residual stresses. Laser energy is one of the highest energy density 
sources known. The high energy density of the laser welding process results 
in deep penetration, narrow beam width and a narrow HAZ. A focused 
laser beam results in heat input that is much more localized when compared 
to conventional arc welding and is comparable in energy density to an 
electron beam. In laser welding, melting occurs owing to the collision of 
photons with the metal compared to electron beam where the kinetic 
energy of accelerated electrons is converted to heat as they collide with the 
metal. The material is heated at rates much higher than the conduction rate, 
making it possible to join thick to thin materials. In a laser welding opera-
tion, shielding gases are used to prevent oxidation and to eliminate the 
formation of plumes and it is typically accomplished under atmospheric 
conditions.

Table 9.1 gives a comparison of the power density of several welding 
processes. At energy levels associated with typical laser beam welding, 
metals will evaporate if this energy is absorbed by the material. A high 
energy focused beam will result in an evaporated region called a ‘keyhole’. 
Steen (2003) describes the keyhole formation in a laser weld as depicted in 
Fig. 9.1. The high power density of the focused laser energy causes the metal 
to boil. The weld pool has strong stirring forces driven by variation in tem-
perature and surface tension. The keyhole is made stable by the pressure 
from the generated vapor. The keyhole behaves like a black body and 
nearly all of the energy of the beam is absorbed once the keyhole is formed. 
A minimum laser power density of 1.0 × 106 W cm−1 is required to boil the 
metal and form a keyhole (Ion, 2005). A compromise needs to be reached 
between maintaining the keyhole, minimizing burn through and having an 
economical welding rate. The high power density occurs because lasers can 
focus the photons on a spot typically smaller than 1 mm in diameter. The 
molten metal seals up the keyhole as the laser energy traverses through the 
material. This keyhole type process results in a smaller, narrower HAZ, 
potentially deeper penetration and hardness variation with a high gradient. 

Table 9.1 Comparative power density of welding processes (after Steen, 
2003)

Type of process Power density (kW m−2)

Gas or fl ux shielded arc welding 5 × 103–5 × 105

Plasma 5 × 103–5 × 107

Laser or electron beam 107–109
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9.1 Schematic of the laser welding process.

A less energetic and/or less focused laser weld results in a conduction 
limited weld with no keyhole formation.

CO2 lasers for welding were introduced in the mid-1980s and solid state 
Nd : YAG lasers in the mid-1990s. CO2 lasers have a 10.6 µm wavelength 
with a rating of up to 45 kW maximum, in operation. Roland and Met-
schkow (1997) describe welding of thick plates for the shipbuilding industry 
with CO2 lasers with up to 45 kW power. In CO2 laser welding, rigid tubes 
and rotating mirrors are used to transfer the beam energy.

ND : YAG (neodymium-doped yttrium aluminium garnet; Nd : Y3Al5O12) 
lasers are nearly twice as effi cient as CO2 lasers (Rooks, 2000). ND : YAG 
has a 1.06 µm wavelength which is 1/10 that of a CO2 laser. The laser power 
can be transmitted in a pulsed manner through fl exible fi ber optic cable, 
which results in more advantage for robot and machine design. Recently, 
high power (>10 kW) continuous fi ber lasers have become available. In 
ND : YAG the plasma does not absorb as much of the laser energy compared 
to CO2 laser welding where the laser energy is strongly absorbed by the arc 
plasma; enough distance must separate the arc from the laser radiation point.

Laser welding with no fi ller metal, autogenous welding, relies on low 
tolerance fi t-up of the materials usually achieved through processes such as 
laser cutting, precision machining and sophisticated fi xturing. Weld 
geometries with high stress concentrations may also be the result of lack of 
fi ller. Some typical imperfections in laser welded joints formed in this 
manner can include porosity (Remes, 2008), solidifi cation cracking and heat 
distortion (Roland et al., 2004). Also, the focused laser energy results in a 
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narrow HAZ that can lead to brittle microstructure (Reutzel et al., 2008). 
The simple laser weld, in conjunction with high speeds, results in welds with 
little or no tolerance for fi t-up gaps, making this type of weld inadequate 
in certain situations. In autogeneous laser welding, the gap between parts 
is limited to small tolerances, otherwise burn through will occur (Ono et al., 
2002a). Deleterious geometric considerations include potential undercut-
ting especially when gaps exist in the fi t-up of the materials to be welded. 
Low tolerance fi t-up can also substantially increase costs.

Hybrid laser arc welding (HLAW) was developed, where laser is com-
bined with gas metal arc welding (GMAW) to mitigate some of the issues 
related to low tolerance fi t-up. Figure 9.2 shows a HLAW system with the 
GMAW torch following the laser. The basic premise of this process is that 
the laser is used for deep penetration while the metal active gas (MAG) 
torch is used to melt the fi ller metal. GMAW has very good gap bridging 
capabilities and when used in combination with laser welding results in 
welds with deep penetration, low heat input, small HAZ and improved 
reinforcement geometry. HLAW can be done at even higher speeds com-
pared to laser or GMAW alone (Roland et al., 2004). The HLAW process 
increases the tolerance on the joint root openings and improves the control 
of the weld metallurgy (Defalco, 2007). HLAW results in several advantages 
and improvements to laser welding including improved fatigue perform-
ance and weld toughness, higher weld speeds, deeper weld penetration, 
wider weld root, lower heat input, better mechanical properties, ceramic 

Weld direction

Melt
front

Focused laser beam

Shielding gas

Metal vapor

Keyhole

GMAW torch – either
leading or following the laser

Arc

Melt pool

9.2 Schematic of the HLAW process.
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backing not required for butt-welding, smooth transition between weld and 
base metal on the root side and greater stability of process.

9.3 Applications of laser welding

Laser welding shows much promise to achieve improved quality and eco-
nomics. Some promising critical applications where laser welding shows 
potential include fabricated beam shapes, panels including sandwich panels, 
assemblies, piping and pipelines, bridges, durable goods, rail cars and air-
frame structures. Fabricated beam shapes made from plate have been in use 
for decades. They are typically employed in weight critical situations or for 
larger members where rolled sections of the proper size are not available. 
Automated laser welding of fabricated shapes offers an alternative to con-
ventional welding, which results in increased quality, high weld speeds, low 
shape distortion and reduced production costs. Laser fabricated shapes can 
be especially advantageous in the production of T-shapes, which were typi-
cally made either by cutting an I-shape in half or stripping away the bottom 
fl anges (Blomquist and Forrest, 1999) . With fabricated shapes, a manufac-
turer needs to stock plates of various thicknesses and then can tailor the 
dimensions to the design. The net result of an HLAW welding process of a 
fabricated shape is either a double- or sometimes a single-sided weld with 
a fi llet connecting the plates in a T-type joint. The deep penetration accom-
plished by a laser weld can result in full penetration without edge 
beveling.

Laser welding also holds much promise in the production of steel panels, 
including sandwich panels. Bird and Furio (1997) discuss application of 
laser welding to frame stiffened panels and corrugated core structures in 
ship construction. Corrugated or orthotropically stiffened panels can be 
HLAW fabricated using a two-dimensional (2D) gantry system. In this case, 
both sides of the plate to be welded are visible. When thicker plating is used, 
a groove weld at the stiffeners edge is typically employed. For thinner sec-
tions, a stake weld through the thinner material is typically used. Continu-
ous laser stake welds have demonstrated substantially more fatigue 
resistance than the alternative of spot or plug welding. Several efforts are 
under way to develop laser welded sandwich panels in the USA (Defalco, 
2007) and Europe (Roland and Metschkow 1997; Roland et al., 2002; Kujala 
et al., 1999a). The sandwich panel is a system which typically has an inac-
cessible space, making inspection diffi cult in many cases. Reliable processes 
with high quality control are essential and conventional welding processes 
are not practical for fabrication of sandwich panels.

Laser welding shows promise in the manufacture of durable goods such 
as washing machines, dishwashers, ovens, and so on, which are fabricated 
from thin sheets. It has potential advantage over resistance seam welding 
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that is used typically (Koçak, et al., 2001). The steel industry has recently 
considered use of laser welding in building and bridge construction. There 
is still much work and much potential here. Eibl et al. (2003) studied the 
fatigue resistance of laser welded thin sheet aluminum. The use of laser 
welding of aluminum alloy for the aircraft industry is being considered 
including airframe fabrication and sandwich panels. This solution can be 
used to reduce weight and to replace the conventional riveted construction. 
Cost reduction potential is observed.

9.4 Future trends in laser welding

Much of the future of laser welding lies in process automation using high 
speed, energy effi cient systems developed to improve productivity and 
reduce cost. Great promise lies in the HLAW technique which can be 
implemented at increased speeds, is more tolerant of lack of fi t-up and 
reduces demand on clamping systems. Applications such as HLAW struc-
tural shape fabrication from plate material including Ts, wide fl ange and 
channels will allow more fl exibility in choosing sizes, potentially less weight, 
the use of specialty plate material and less distortion in the end product 
(Blomquist and Forrest, 1999). Specialty shapes made from plate also result 
in fewer material ineffi ciencies. In ship fabrication, for example, defl anginig 
an I-beam into a T-shape results in the scrapping of one-quarter of the 
purchased material (Blomquist et al., 2004). In fabricated shapes, the deep 
penetration of the laser reduces the requirement for fi ller material and the 
reduced distortion lessens or eliminates the need for straightening and 
rework. Cost-effective, and weight effi cient designs are the result. As with 
any new process, qualifi cation studies are required to demonstrate that the 
strength and fatigue life are not compromised by the process. Also, HLAW 
makes the effi cient fabrication of metallic sandwich panels possible using a 
stake weld which can be used through the outer plating (face sheet) mate-
rial to connect the core. Roland et al. (2004) discuss the numerous advan-
tages of steel sandwich panels in shipbuilding including high strength, high 
stiffness, high accuracy, modular design and ease of assembly. They reported 
that, in some cases, structural weight can be reduced by up to 40% using 
sandwich panels in lieu of other structural systems. Myer Werft operates a 
plant that includes a fi xed gantry with a 12 kW CO2 laser and sliding table 
that moves the workpiece and a welding head that is equipped with a pres-
sure roller used to minimize the gap between the face sheet and the core 
elements.

The development of automated gantry type and robot laser welding 
machines is facilitated by fi ber lasers (Rooks, 2000). Cost-effective systems 
for accurate edge preparation will enhance laser welding and further 
machine development and integration (Roland et al., 2002). In the USA, a 
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closed loop process control system was developed to monitor actively the 
laser welding process by Applied Thermal Sciences (ATS) of Sandford, 
Maine, in conjunction with ESAB (Defalco, 2007). This system uses a 10 kW 
fi ber laser mounted on a movable gantry. The system can be confi gured with 
laser only, laser with cold wire feed or HLAW. It includes active weld joint 
tracking, weld monitoring and control of critical welding parameters, auto-
mated weld surface inspection, automatic fl aw detection and process docu-
mentation and reporting. This system is being used in the fabrication of 
laser fabricated shapes from plate material and steel sandwich panels. It 
was developed to work with material that is laser and/or plasma cut and 
then welded with no subsequent operations other than cleaning. This is 
ideal for situations where machining the edges is cost prohibitive. This 
system is operated as a 2D gantry or a three-dimensional (3D) robotic 
(Orozco et al., 2004). When defects occur, they are marked and the system 
automatically modifi es the welding process parameters (Blomquist et al., 
2004).

Figure 9.3 shows the weld profi le monitoring and marking of a defect in 
the profi le at position B. This type of geometric defect would cause high 
stress concentration in the joint. Figure 9.4 demonstrates the improvements 
made by the inclusion of closed loop control and the addition of fi ller metal 

(a)

(b) (c)

B

A

9.3 Real-time control system demonstrating weld profi le monitoring 
and fl aw marking. (a) laser welded joint, (b) profi le at A, (c) profi le at 
B showing fl aw (after Orozco et al., 2004).

�� �� �� �� ��



226 Failure mechanisms of advanced welding processes

© Woodhead Publishing Limited, 2010

(a)

(b)

0.000 gap 0.030 gap

0.030 gap

9.4 HLAW (a) without and (b) with closed loop control (after Orozco 
et al., 2004).

in the process in the fabrication of a T-joint with a 25 kW CO2 laser in 
combination with a cold wire feed. Near zero tolerance is required to mini-
mize the undercut of a laser welded connection. As the tolerance is increased, 
undercut occurs if an inadequate amount of fi ller metal is added. This results 
in poor weld geometry that can substantially reduce the fatigue life. The 
control system tracks the weld geometry and other parameters and supplies 
the appropriate amount of fi ller, resulting in a smooth geometric profi le as 
shown in Fig. 9.4(b).

9.5 Properties of laser welded metals

There are signifi cant differences in properties between joints made by laser 
welding and by conventional welding processes. In conventional processes, 
distortions usually increase owing to welding and cutting operations, espe-
cially for thin materials. Complications caused by distortion can result in 
lower productivity and throughput and hence are costly. At a microscopic 
level, laser welded joints differ from conventional joints because of the very 
narrow fusion zone, strength mismatch and high gradient of hardness. The 
possible formation of martensite in the weld zone of C–Mn steels is also of 
concern and there is a signifi cant strength mismatch in different regions. 
For a steel with approximately 550 MPa ultimate strength in the base metal, 
the ultimate strength in the HAZ was reported by Koçak et al. (2001) to be 
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approximately between 750 and 850 MPa and the ultimate strength in the 
weld metal to be between 1150 and 1250 MPa. The fracture strains were 
reduced from 28% in the base metal to approximately 11% in the HAZ 
and 9% in the weld material.

Weld properties depend upon speed, power and focus as well as on the 
properties of the material constituents. Olabi et al. (2006) described the use 
of Taguchi methods and neural networks to optimize the laser parameters 
in CO2 laser welds. Defects in laser welded joints are similar in scope to 
those in other welded joints and include formation of cracks in the narrow 
weld zone, voids, porosity and undercut, among others. Crack formation 
caused by inhomogenities can also occur under service loads. Kendrick 
(2005) outlined the fl aws observed in welded joints and placed them in 
three categories as follows:

• Planar: cracks, lack of fusion, lack of penetration, undercut, root under-
cut, concavity and overlap

• Non-planar: cavities, solid inclusions slag, porosity
• Geometrical/shape imperfections: axial misalignment, angular misalign-

ment, imperfect weld profi le, undercut and root undercut.

The mechanical properties mismatch between the weld and base material 
can signifi cantly affect the fatigue performance. The tensile strength and 
toughness of the material can be evaluated in the weld zone by microtensile 
specimen tests. This technique was developed for the nuclear industry to 
assess properties in the HAZ of conventional multi-pass welds. Çam et al. 
(1998) performed microtensile testing of ferritic and austenitic steels laser 
welded by CO2 lasers using 6-mm thick plates. The welds were full penetra-
tion and produced without fi ller wire using combinations of two ferritic 
steels, st37(F1) and st52(F2), and an austentitic stainless steel, 1.4404(A) 
with properties given in Table 9.2.

Microhardness testing was performed across the weld root, midsection 
and top part of the joint. Metallurgical analyses of the ferritic materials 
show a structure consisting of martensite and bainite caused by rapid 
cooling while the austentic material showed a dendritic structure with no 

Table 9.2 Material properties of steel used in the hardness study (after 
Cam, 1998)

Material Yield (MPa) UTS (MPa) Elongation (%)

St 37 (F1) 233 368 36
St 52 (F2) 382 528 30
Austenitic 1.4404 (A) 308 626 66
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evidence of martensite. In general, hardness at the root, middle and top of 
the weldment were essentially the same for any given weld. The primary 
difference was attributed to distance from the weld center and the weld 
material.

Figure 9.5 provides a rough estimate of the average hardness profi le 
adapted from the data presented by Çam et al. (1998) with hardness versus 
distance from weld center plotted for the various material confi gurations. 
The ferritic steel (F2) and weldements of the austentic to ferritic (A–F1 or 
A–F2) showed the higher hardness gradients, while the austentitic steel (A) 
showed a relatively lower gradient. This study also addressed the strength 
of weld metal compared to the base metal and strength in the HAZ, using 
microtensile specimens. The weld metal strength of the ferritic material was 
generally much greater than the base metal with much lower ultimate strain 
values (<10%). The ratio of the weld metal to base metal yield strength 
ranged from 3.09 for F1–F1 to 2.53 for F2–F2. Welded specimens failed at 
the lower strength base metal side owing to strength mismatch of the weld-
ment. The strength of the material and failure strain of the material in the 
HAZ lies between the weld metal and base metal. In the austenitic joints 
the weld and base metal strength were nearly the same with a yield strength 
ratio of 1.13 and the failure strains were slightly reduced (approx. 50% in 
weld metal, 55% in HAZ). In the dissimilar joints there was a relatively 
large difference in the weld to base metal strength with a yield strength ratio 
of 2.28 (F1–A) and 2.21 (F2–A). The strength in the HAZ zone on the 
ferritic side generally displayed higher strength and lower failure strain than 
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9.5 Hardness profi le for laser welded ferritic and austentic steels (after 
Çam et al., 1998).
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the base metal, whereas the samples taken on the austenitic side displayed 
properties similar to the base metal.

Kitagawa et al. (2002) tested laser welded lap joints of SMA 400 steel 
with a yield strength of 305 MPa, ultimate tensile strength of 454 MPa and 
31% elongation. Weld metal yield and ultimate tensile strength were found 
using a 2-mm diameter mircotensile test and were 481 MPa and 659 MPa, 
respectively with an elongation of 25% at failure. Weld metal hardness 
ranged from 224 to 293 HV1 with an average value of 243 HV1. Remes and 
Kujala (2004) measured the hardness in laser welded, hybrid laser welded 
and SAW joints made from 12-mm thick RAEX S275 steel with mean base 
metal hardness of 131 HV5. The hybrid laser welded joints showed a 
maximum hardness of 248 HV5 in the weld zone and HAZ. The laser weld 
specimen showed a maximum hardness of 251 HV5 and 245 HV5 in the 
weld zone and HAZ, respectively. The SAW weld gave values of 188 HV5 
and 173 HV5 in the weld zone and HAZ, respectively. Boronski (2006) 
indicated that the heterogeneity in material caused by laser welding results 
in a strong mismatch in static and fatigue properties. Butt welded specimens 
using 5 mm plate were made with a 3.8 kW laser operating at 1.2 m min−1. 
The base metal ultimate strength of 495 MPa can be compared to a weld 
metal strength of 1115 MPa. A ferritic-pearlite structure was found in the 
base metal with a hardness of approximately 140 HV, baininte in the HAZ 
with a hardness of about 190–200 HV and bainite with small quantity of 
martensite in the weld metal with hardness between 325 and 390 HV.

Cho et al. (2004) discussed the infl uence of residual stresses on fatigue. 
Residual stresses are a consequence of the heating and cooling cycles that 
occur during the welding process. Tensile residual stresses at the weld on 
the order of the yield strength of the material may exist. The distribution 
is complex and depends on the process details, geometry and material 
properties. They tested lap joints from 1-mm thick ASTM A366 plate 
welded with a 4 kW CO2 laser and argon shielding. They used fi nite element 
analysis (FEA) to estimate the thermal effects of the welding process. 
Moraitis and Labeas (2009) also used FEA analysis to evaluate residual 
stresses in laser welded butt-joints. They proposed a model that could reli-
ably predict keyhole shape for welds in aluminum and steel. In their simula-
tion of residual stress, they demonstrated that peak residual stress upwards 
of 300 MPa in the longitudinal direction can exist near the weld line and 
drops to near zero at a distance of about 40 mm from the weldline to the 
weldment of a 4-mm thick plate. Similar results were found for steel and 
aluminum.

Aluminum butt-joints welded with a CO2 laser operating at 2.5 kW with 
helium shielding gas were investigated by Ancona et al. (2007). Good quality 
welds were made when laser power was adequate to form the keyhole. At 
weld speed of 100 mm s−1, tensile strength was found to be 90% of the base 
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metal strength. Porosity was less than 3% and a small hardening across the 
weld zone with peak hardens values of 105 HV was measured in the fusion 
zone compared to a base metal hardenss of 85 HV. The keyhole became 
unstable at 2 kW power and resulted in a large dispersion in test results.

According to Cao et al. (2006) with proper welding parameters, crack free 
laser welds with low porosity can be obtained in some magnesium alloys, 
especially in wrought material. Some magnesium materials exhibit prob-
lems such as unstable weld pool, sag, undercut, porosity, liquidation and 
solidifi cation cracking and more research into the process is warranted.

The static and fatigue strength of laser welded titanium butt-welds made 
from grade-2 and grade-5 titanium was studied by Casavola et al. (2009). 
Titanium has an affi nity toward atmospheric gases such as oxygen, nitrogen 
and hydrogen; therefore it must be especially protected by shielding during 
welding. They closely measured the weld profi le and misalignment of the 
welds ranging from 0.1° to 0.3°, which is much less than in arc welded joints. 
Based on the actual weld profi le, they estimated a stress concentration 
factor of 1.4 from the theory of elasticity.

9.6 Fatigue life prediction in welded joints

There are several popular approaches to fatigue life prediction in welded 
joints including the following:

• nominal stress approach
• structural or hot spot stress approach
• notch stress or notch strain approaches
• fracture mechanics crack propagation approach.

Ideally, fatigue analysis results should be independent of the method 
chosen to perform the analysis; however, that may not always be the case, 
as demonstrated by Fricke et al. (2002). A summary of the various approaches 
is presented by Fricke (2003) who lists a host of references on the subject. 
Hobbacher (2009) describes new International Institute of Welding (IIW) 
recommendations, which attempt to harmonize these methods. For example, 
clear recommendations have been given for fi nite element meshing when 
hot spot stress is to be determined. A direct assessment of weld imperfec-
tions, recommendations for multiaxial fatigue, direct fatigue assessment 
without the need for component testing and fatigue classifi cation for alu-
minum is also provided in the new recommendations.

The characteristic S–N curve approach uses fatigue test data and assumes 
that fatigue damage accumulation is a linear phenomenon. Using an S–N 
approach, the expression for fatigue life of a welded joint can be cast into 
a general form as follows:
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N
A

Sm
=  [9.1]

where N is the number of cycles to failure, S is the appropriate stress level 
for the analysis approach being used and A and m are material parameters 
which will also depend on connection details. Equation [9.1] can be linear-
ized by taking the logarithm of each side resulting in the expression:

log(N) = log(A) − m · log(S) [9.2]

One of the key objectives of an experimental program is to determine 
appropriate values for m and A. An alternative objective may be to assess 
conformance of a process and welded connection to existing standards.

9.6.1 Nominal stress approach

Use of the nominal stress approach requires a series of standard S–N curves 
used to classify a particular joint detail and uses fatigue data derived from 
experimental testing of the structural detail. Guidelines have been based 
upon these data along with statistical approaches which are used to gener-
ate an S–N curve unique to a particular detail. Fatigue curves are typically 
designated by arbitrary letters or by a stress level at 2 × 106 cycles (Maddox, 
2000). A nominal stress analysis does not include the stress concentration 
due to the weld geometric profi le and/or notch effects in the analysis, since 
it is assumed that the connection specifi c S–N curve already characterizes 
these infl uences. The stress, S, in Equations [9.1] and [9.2] is then equal to 
the nominal stress, Snom, which is the far fi eld stress caused by the forces and 
moments at the potential site of cracking. In this regard, neither the local 
geometry of the weld toe nor the local material properties are taken into 
account in the analysis. Most design codes use different classifi cations when 
implementing the nominal stress approach for different structural details. 
A different S–N curve, characterized by m and A, is provided for each 
classifi cation.

Munse et al. (1983) categorized numerous weld and attachment details 
that are typical in steel ship construction. They provided fatigue parameters 
including uncertainties for over 50 welded connection details. British Stand-
ards, AASHTO, AWS and Det Norske Veritas (DNV), for example, use 
classifi cation giving a letter designation and fi t specifi c joint details into a 
category. In the European code, a typical category uses a value of m = 3 
before the knee of the S–N curve at 5 × 106 cycles and a value of m = 5 
thereafter. Design is based upon a 95% probability level with 95% confi -
dence. The DNV procedure uses a similar alphanumeric description with 
the knee of the S–N curve occurring at 107 cycles and design curves are 
based upon environmental conditions such as in air, seawater with cathodic 
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protection and free corrosion. Figure 9.6 provides an abbreviated sample 
of several category designations for fatigue in air with the knee of the S–N 
curve at 107 cycles.

The IIW designates a fatigue class, FAT, which is the allowable nominal 
stress in MPa at 2 × 106 cycles with a survival probability of 97.7% (Radaj 
et al., 2009). In so doing, this provides some numerical meaning to the 
fatigue classifi cation. For example, curves C2, F, G and W3 in Fig. 9.6 are 
classifi ed FAT-100, FAT-73, FAT-50, FAT-36, respectively. The curve knee is 
also at 107 cycles with m = 3 before the knee and m = 5 after. Use of the 
Palmgren–Miner damage accumulation procedure is recommended. The 
higher FAT number is an indicator of improved fatigue resistance.

9.6.2 Hot spot stress approach

In a hot spot or otherwise called geometric stress approach, the hot spot 
stress, Shs, is determined at the location where the fatigue stress is the 
highest. This approach typically estimates stresses at the hot spot (i.e. weld 
toe) where fatigue cracking is likely to initiate using stresses at specifi ed 
distances away from this point. Computational diffi culty may arise because 
the stress at the transition point of the joint is usually a singularity. This 
results in a mesh-dependent solution when the fi nite element method is 
used for the analysis. To overcome this effect, the hot spot stress is estimated 
using results at predetermined distances from the weld and not at the point 
of singularity where the stresses are mesh dependent. Various extrapolation 
standards are used and some of the uncertainties of the effect of weld 
geometry are removed.
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9.6 Abbreviated set letter based S–N curves for fatigue in air from 
DNV.
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The hot spot stress is derived from a detailed analysis of the connection 
and will include global effects and to some extent the infl uences of the local 
geometry. With this approach, each material requires a single S–N curve for 
fatigue life assessment. However, a detailed fi nite element analysis is neces-
sary. The hot spot stress, Shs can be related to Snom using a stress concentra-
tion factor for the gross geometry, Kg as:

Shs = KgSnom [9.3]

Shs is then used in Equation [9.1], along with a baseline S–N curve to predict 
the fatigue life. The resulting hot spot stress may differ depending upon the 
fi nite element program, element type, element mesh and method used for 
dealing with the singularity.

Several methods have been prescribed for determination of the hot spot 
stress. Doerk et al. (2003) and Fricke and Kahl (2005) compared different 
methods for several weld confi gurations. Fricke (2002) and Niemi and 
Marquis (2002) recommend using results at 0.4t and 1.4t from the weld toe 
to extrapolate the stress at the hot spot for certain types of weldments. 
Extrapolation at 0.5t and 1.5t has also been recommended as described by 
Kendrick (2005). Other recommendations include using a fi ne mesh to 
predict the stress distribution. Error can also be introduced in the hot spot 
stress calculation if the weld profi les have a high degree of variability or if 
the fi nite element (FE) model does not accurately represent the as-welded 
joint geometry. Also, the extrapolation technique used to compute the hot 
spot stress will signifi cantly infl uence the results. A standard method that is 
consistently applied is required for analysis. In a test program, the weld 
profi le needs to be accurately recorded so that a proper assessment can be 
made.

Procedures for experimental determination of stress concentration 
factors, similar to the approach used in hot spot analyses, have been dem-
onstrated by Niemi and Marquis (2002) and Dong (2005), among others. 
These techniques extrapolate the response recorded by two or more strain 
gages to the hot spot. Strains are converted to stress and extrapolation 
techniques similar to those used in hot spot analyses are employed. Also, 
Dong (2003) suggested a method for determination of the hot spot stress 
that is insensitive to the FE mesh. A FEA is performed and the resulting 
nodal forces across the thickness of the plate in the area in question are 
used to compute a mesh-insensitive structural stress, Smi, which can be used 
in a fatigue analysis.

9.6.3 Notch stress approach

The notch stress approach assumes a state of very high or infi nite stress at 
the weld toe or root which contains sharp notches. These notch stresses 
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reduce the stress necessary to cause crack initiation or propagation. The 
notch stress approach uses S–N curves based upon smooth material speci-
mens without notches. A stress concentration factor is then determined to 
account for various imperfections. Approaches have been developed that 
assume a fi ctitious but fi nite notch radius. For example, Radaj (1990) found 
that a notch radius of 1 mm worked well for ductile steel. This approach 
allows the joint and weld geometry to be considered in detail. Finite or 
boundary element methods can then be used to evaluate the stress concen-
tration factor which can also include details regarding the actual weld 
geometric profi le. According to Kendrick (2005), this method can be used 
to predict the effect of an imperfect weld profi le on fatigue life. It will 
include an additional stress concentration factor for the actual weld geom-
etry, Kw as well as factors for increased stress caused by misalignment and 
angular mismatch. Applied fatigue stress, Sn, can then be written in terms 
of an aggregate stress concentration factor, K, and the nominal stress as:

Sn = K · Snom [9.4]

where K is the product of the individual stress concentration factors given 
as:

K = Kg · Kw · Kte · Ktα · Kn [9.5]

where Kg is the stress concentration factor due to the gross geometry, Kw is 
the stress concentration factor due to the weld geometry, Kte is the addi-
tional stress concentration factor due to eccentricity tolerance (used for 
plate connections only), Ktα is the additional stress concentration factor due 
to angular mismatch (used for plate connections only) and Kn is the addi-
tional stress concentration factor for unsymmetrical stiffeners on laterally 
loaded panels applied when nominal stress is derived from simple beam 
analysis.

For an ideal case with no eccentricity or angular mismatch, the notch 
stress, Sn, is related to the nominal and hotspot stresses as follows:

Sn = Kw · Kg · Snom = Kw · Shs [9.6]

9.6.4 Crack propagation approach

The crack propagation approach is established for details where the crack 
propogation phase is longer that the crack initiation phase. It allows an 
approach to evaluate cases with fl aws and cracks that have been generated 
by loads or that pre-exist in a member. The approach can be used to inves-
tigate the effects of such geometrical details as misalignment, residual 
stresses, undercut and attachments. Also, the method can be used to analyze 
complex structures and various load combinations.
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9.6.5 Analysis for complex details

When complex details are analyzed, it may be diffi cult to fi t the connection 
into a fatigue design classifi cation for nominal stress type analysis. In these 
cases, a local approach is necessitated and the structural stress approach or 
the notch stress approach can be used. These methods model the overall 
geometry of a complex detail. Hobbacher (2009) and Radaj et al. (2009) 
discuss these approaches relative to fatigue analysis where complex details 
can be accounted for, including such effects as misalignment.

9.7 Fatigue tests of laser welded specimens

This section discusses fatigue test results of several laser welded specimens 
and joint confi gurations including single-T and double-T joints, butt welded 
specimens, lap welds and stake welds. There are signifi cant differences in 
the fatigue response of LBW, HLAW and conventionally welded joints 
including variation in the slope of the S–N curve (Remes et al., 2003, Remes 
and Kujala, 2004). Miyamoto et al. (2001) noted that fatigue strength of 
laser welded joints does not exhibit an endurance limit and continues to 
decrease even in the range to 108 cycles. Other researchers such as Taban 
et al. (2009), Anand et al. (2006) and Onoro and Ranninger (1997) noted a 
fatigue limit in their work.

Evaluation of the cause of the variation in fatigue test results is made 
diffi cult, owing to the many different materials studied, laser types 
employed, equipment used and other process variables including the use of 
cold wire feed and GMAW. Therefore, testing and evaluation specifi c to 
the materials and process are required to ensure high quality and durability 
whenever new welding approaches or joint confi gurations are developed. 
Fatigue resistance of welded joints is typically quantifi ed by empirical 
means. At present, in design the fatigue strength of a particular connection 
detail or welding method is not theoretically formulated from fundamental 
engineering principles, owing to the extreme variation in the process. As 
new materials, processes and new analytical approaches emerge, fatigue 
testing and analysis is still a very active area of research.

In fatigue testing, a minimum number of specimens and percent replica-
tion is suggested by ASTM E739 (2004). Exploratory or preliminary research 
is suggested to use 6 to 12 specimens with 17–33 and 33–55 minimum 
percent replications, respectively. A test program with 12 samples and 3 
stress levels would have a percent replication of (1–3/12) × 100 = 75%, for 
example. Programs to determine design allowables or reliability use 12 to 
24 samples with 50–75 and 75–88 minimum percent replication, respectively. 
It is recommended that no more than three variables are studied when 
designing an experimental program. A plan can be developed using high 
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and low values of each variable that envelope the range of possible 
confi gurations.

9.7.1 Butt joints

Butt-joint tests with dogbone shaped test articles are a common confi gura-
tion for fatigue studies of welded joints. Butt joints are used frequently for 
piping and to connect plate materials oriented in the same plane. A laser 
butt-weld can be done autogeneously or fi ller metal can be added using 
cold wire feed or an HLAW processes. When loaded axially, butt joints offer 
an improved stress condition compared to a lap point in that the bending 
moment induced by the offset in the plates is minimized. Full penetration 
butt welds in thick plates can be created by beveling of the edges before 
welding. The hope is that HLAW will allow for full penetration butt welding 
of plates of 2″ (~5 mm) or more without the need for specialized edge 
preparation.

Butt welds can be produced with or without steps, as shown in Fig. 9.7 
and the weld geometry used will have a signifi cant impact on fatigue life. 
Some of the potential geometric defects in butt welds are shown in Fig. 9.8 

(a) (b) (c)

9.7 Butt weld geometry types: (a) straight, (b) concave, (c) stepped.

e

α 

(a) (b)

(d) (e)

(c)

9.8 Geometry defects encountered in butt welds: (a) incompletely 
fi lled groove, (b) sagging, (c) root concavity, shrinkage groove, 
(d) offset, (e) angular misalignment.
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and include root gap, sagging, out of alignment, angular misalignment, 
incompletely fi lled groove and root concavity. Reutzel et al. (2006) per-
formed a study of laser butt-welded connections for use in piping. Gong 
and Olsen (1999) discuss geometric defects and the infl uence of fi xture 
design on fl aws observed in laser butt welding. Longitudinal, transverse and 
bending shrinkage occurs which requires adequate clamping devices. 
Thermal stresses can cause gap edge movement during the welding process. 
The defects lead toward stress concentrations that may affect fatigue life. 
In welds without fi ller metal, gaps in the material are of a signifi cant con-
sequence, as weld speed must be reduced and power increased. A cold wire 
feed or HLAW can be used to apply fi ller metal to gaps and allows for 
increased gap tolerance.

The infl uence of welding parameters including laser power, arc power 
and weld speed on the weld bead geometry of hybrid GMAW-CO2 laser 
welds was quantifi ed by El Rayes et al. (2004). Figure 9.9 show a schematic 
of a typical laser butt weld showing the key geometric parameters. They 
found a relationship between arc power and bead radius and width and 
they found that the penetration and bead height are signifi cantly infl uenced 
by the mode of metal transfer in the arc. Reutzel et al. (2008) used HLAW 
to study the effect of weld speed and distance to the welding torch in 
HLAW butt welds. In their welding of AB/DH36 plate they found average 
hardness values of 157 HV in the base metal, 222 HV in the HAZ and 
244 HV in the weld metal. Welds done at 50.8, 76.2 and 101.6 cm min−1 
with 2–16-mm torch separation lead to various weld qualities and other 
phenomena. Slow speeds and a closely spaced torch resulted in good mixing 
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9.9 Geometric parameters of a butt weld.
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of the laser melt pool and fi ller metal; however, backside blow through was 
prone to occur. At the slower speeds, more distance spacing reduced the 
blow through, although full penetration was not achieved. Increasing the 
travel speed reduced the amount of blow through and, as the torch distance 
increased, full penetration was achieved and the laser and fi ller metal inter-
action was minimal.

Fatigue testing of laser butt-welded joints was reported by Hobbacher 
(2001) where the results of 391 small specimens with thickness between 
8 mm and 12 mm were quantifi ed. Slope of the S–N diagram was approxi-
mated at m = 3.75 and the results were evaluated at this value and also at 
m = 3.0. In the analysis, the reduced amount of edge misalignment was 
accounted for along with thickness effects. A FAT for the laser butt-welded 
joints of 114 MPa was determined, which was subsequently reduced to a 
recommended value of 69 MPa when assembly stresses, misalignment and 
thickness effects are taken into account. This can be compared to an IIW 
recommended value of 71 MPa for a butt-weld joint with a root crack 
checked by non-destructive tests (NDT).

Remes and Kujala (2004) reported on the fatigue resistance of laser 
and HLAW butt joints. They used a CO2 laser and conventional MAG 
welding torch to study autogenous laser, hybrid laser and SAW joints in 
fatigue. I-type groves were used for the laser and hybrid laser welds and 
a Y-type groove was used in a hybrid weld. Tests were force controlled 
axial tension with a load ratio R = 0. Fatigue results showed a survival 
probability of FAT 172 for the SAW joints, FAT 154 for laser welds with 
m = 5.8 and FAT 200–220 for the hybrid laser welds. The testing also 
resulted in a S–N curve slope ranging from 3.7 to 9.6 to be greater than 
the IIW baseline of 3.0 for FAT 100 class for transversely loaded butt welds. 
Specimens with an out-of-alignment defect where bending stresses are 
induced showed an 85% reduction in fatigue strength compared to 
relatively straight samples.

Fatigue of laser welded tailor made blanks (TMBs) is of interest in the 
automotive industry. TMBs are metal sheets joined together before forming 
and can be made from plate with different thicknesses, surface coatings and 
material types. Anand et al. (2006) fatigue tested butt-welded specimens of 
steel typically used in the automotive industry for laser welded TMBs. Gal-
vanized and ungalvanized thin sheets of different thickness from 0.75 to 
1.5 mm were tested. The yield strength of the material ranged from 
297–324 MPa. The fatigue endurance limit of galvanized coated laser welded 
sheets (85 MPa) was found to be 77% of the endurance limit of the base 
metal (110 MPa). The endurance limit of uncoated specimens (120 MPa) 
was equivalent to the base metal. Vickers hardness testing shows a zone of 
increasing hardness of about 2.5–3 times that of the base metal. The narrow 
hardness zone extended wider in the thinner material and was approxi-
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mately 1.5 times the plate thickness in the thinner material and was about 
one-third to one-half of the plate thickness in the thicker material. Fatigue 
fracture was found to occur in the thinner material. Ono et al. (2002b) 
demonstrated that the fatigue life of a laser welded TMB is less than the 
parent material and fracture occurs in the base metal for failures 95 × 105 
cycles and that fracture occurs near the weldline for longer fatigue life 
components. They also observed that fatigue strength diminishes with thick-
ness. In testing of the same gage HSLA steel, Onoro and Ranninger (1997) 
found that fatigue cracks in LWBs begin in the fusion zone near the HAZ 
border.

Taban et al. (2009) discuss laser butt welding of X2CrNi12 stainless steel 
with a 12% Cr content and 363 MPa yield strength, 500 MPa ultimate 
strength and 30% strain at fracture. They use a CO2 laser at power of 13 kW 
and 20 kW to weld 12-mm thick plates with no observed defects. Fatigue 
endurance limit was estimated to be 250 MPa, which is 68.9% of the yield 
strength.

In a limited study, Caccese (2004) compared the results of HLAW 
12.5-mm thick butt-welded HSLA-65 steel fabricated at ATS to the results 
of fatigue tests performed on various materials typical of ship structures 
reported by Kihl (1990). Figure 9.10 gives a summary of the fatigue test 
results compared to the FAT 100 design curve. A typical failure is shown in 
Fig. 9.11 with cracking at the weld toe. The laser welded specimens show 
good fatigue performance at the stress levels tested.

In their fatigue tests on laser weld titanium, Casavola et al. (2009) studied 
3-mm thick grade 5 and 1.5-mm thick grade 2 dogbone coupons. They found 
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9.10 Fatigue tests of various materials.
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(a)

(b)

9.11 Failure in butt-welded specimen: (a) top view, (b) side view.

that 11 of the 12 fatigue specimens tested failed in the base metal not at 
the weld toe. This was attributed to the limited HAZ size, virtually no mis-
alignment and low stress concentration due to the regular profi le. Tests 
resulted in a fatigue strength at 2 M cycles of 85 MPa and 127 MPa for 
grades 2 and 5, respectively, compared to ultimate tensile strength of 
423 MPa and 969 MPa recorded for these materials.

Eibl et al. (2003) used different alloys to study the fatigue of laser butt 
welds in aluminum. Alloys included GD-AlSi/10Mg T6, AlMgSiO T6 and 
AlMg4.5Mn. Samples were welded with root gaps between 0 and 0.5 mm. 
A substantial reduction in fatigue endurance limit compared to the base 
metal was observed, ranging between approximately 50–60%. High poros-
ity was also observed in the welds.

9.7.2 Fatigue of single-T and double-T joints

Fabricated sections made from plate material are often formed using 
T-joints, with full penetration, or fi llet welds. Full penetration laser T-joint 
welds are currently achievable on sections up to 25 mm thick without the 
need for beveling. While full-penetration autogeneous laser T-joint welds 
are possible, they typically result in high stress concentrations at the weld 
root and it may be advantageous to use fi ller material in an HLAW process 
to reduce these effects by creating a fi llet at the T interface. Typical geo-
metric imperfections in fabrication include offset of the elements and 
angular misalignment.

Fatigue resistance of laser and HLAW T-welds can be evaluated using 
double-T (cruciform) sections where there is a substantial database of tests 
on different materials and welding processes. In the cruciform test, the 
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specimen is loaded axially with typical loads being either fully reversed 
(R = −1) or tension only (R = 0), where R is the ratio of minimum load to 
maximum load. Specimens are of two types, load carrying or non-load car-
rying, as shown in Fig. 9.12 and represent the case of a mode-1 type failure. 
Weld geometry has been shown to have a signifi cant infl uence on fatigue 
life and an improved weld profi le can reduce stress concentrations and 
subsequently increase the cycles to failure. Techniques for post-weld geom-
etry improvement such as grinding or peening have been successfully imple-
mented (Kirkhope et al., 1999a,b). The cruciform connection is listed in the 
Munse et al. (1983) report as structural detail 14 and the fatigue parameters 
compiled for these connections encompass data that span years of testing 
conventionally welded systems with reported fatigue parameters of m = 
7.35 and log(A) = 23.2 for stress, Snom, in MPa. Mansour et al. (1996) report 
an abbreviated joint classifi cation for BS 5400 and DNV, where a load-
carrying full-penetration fi llet weld without undercutting at the corners 
dressed out by local grinding is placed in category F. Design parameters 
associated with category F are m = 3 and log(A) = 11.855 with stress, Snom, 
in MPa and its associated FAT class is 73.

Load-bearing type cruciform sections made from AISI 304 and AISI 316 
stainless steel were tested by Dattoma (1994). Plates of 5 mm thick and 
beveled edges were used in fabrication with a 2 kW maximum power CO2 

(a) (b)

9.12 Types of cruciform specimens: (a) non-load carrying, (b) load 
carrying.
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laser with helium and nitrogen as shielding gases. In the fatigue tests, the 
average slope was reported to be m = 5.65, which is more like the base 
metal than typical welded cruciform joints where the recommended m is 3.

Onoro & Ranninger (1997) reported on the fatigue testing of CO2 laser 
welded double-T joints made with 6-mm thick HSLA steel with a yield and 
ultimate strength of 435 MPa and 560 MPa, respectively. They used a laser 
power of 6 kW with helium as the shield gas. Fatigue test were done in 
fl exure with load ratio R = 0.1 under sinusoidal load with a frequency of 
10 Hz. They observed a fatigue limit of 260 MPa. Cracking began in the 
fusion zone near the HAZ borderline. The surface profi le was observed to 
have an important effect in the generation of fatigue cracks.

Hobbaker (2001) evaluated fatigue test results for 194 laser welded load-
bearing double T-joints where one side of the joint was welded with no edge 
preparation. The joints exhibited complete weld penetration and cracks 
typically started at the weld root. The behavior was between a T-joint with 
a fi llet weld and one with a double bevel butt weld. When complete penetra-
tion does not occur at the root, the fatigue life of a joint response is reduced 
and is similar to the life of a partial penetration fi llet weld. The FAT class 
for the load-bearing laser double-T of 61 MPa was estimated and was sub-
sequently reduced to a recommended value of 37 MPa when assembly 
stresses, misalignment and thickness effects are taken into account. This can 
be compared to an IIW recommendation of FAT = 36 for a T or double-T 
joint fi llet weld with a root crack in the weld.

Caccese et al. (2004, 2006) discuss tests used to quantify the fatigue life 
of cruciform welds that were laser fabricated with various weld geometric 
profi les, using differing process parameters. The studies focused upon 
estimating the infl uence of the weld geometric profi le on the fatigue 
life based upon the stress concentration factor due to the weld geometry. 
This was part of a larger effort to qualify uses of laser welding in fabrication 
of structural T-shapes made from HSLA steel for US Navy ships 
(Kihl, 2002).

In developing an economical and practical weld profi le for a line of 
product such as fabricated shapes with T-type welds, tradeoffs must be made 
regarding desired weld geometry, operation speed and amount of fi ller 
metal. In this study, the weld geometry of cruciform specimens was varied, 
measured and categorized. There were four series of 12.5-mm thick test 
articles detailed for this investigation and Fig. 9.13 shows a typical cruci-
form specimen. Weld process parameters for the fabricated specimens are 
summarized in Table 9.3.

The test articles were fabricated using either a laser ‘cold-wire’ (LBW-
CW) or a laser-hybrid (HLAW) welding process. In the LBW-CW process, 
fi ller material is added by using a small percentage of the laser energy to 
melt wire fed to the weld pool. The fi rst series (Series-A) was fabricated at 
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9.13 Cruciform specimen.

Table 9.3 Weld process parameters for the 12.5-mm thick cruciform specimens

Weld
series Weld process

Laser
delivered
power (kW)

Laser weld rate
cm min−1 (in min−1)

Wire
typea

GMAW
power (kW)

A LBW-CW 10.0 25.4 (10.0) ER70S-2 N/A
B LBW-CW 14.3 190.5 (75.0) ER70S-2 N/A
C LBW-CW 16.4 114.3 (45.0) ER70S-2 N/A
D 12.5-mm HLAW 15.5 133.4 (52.5) ER70S-6 10.5

a Wire size used for all series is 0.889 mm (0.035 in) diameter.

the Applied Research Laboratory (ARL) of Penn State University, using 
the LBW-CW process with a 14 kW CO2 laser operating at 10 kW delivered 
power and a weld speed of 25.4 cm min−1 (10 in min−1). This resulted in a 
weld with profi le shown in Fig. 9.14(a). The weld is characterized by a very 

(a) (b) (c) (d)

9.14 Traced laser weld profi les of a cruciform specimen: (a) Series A, 
(b) Series B, (c) Series C, (d) Series D.
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good geometry, which has a small region that is somewhat fl at in the center 
and a smooth radius towards the ends. The next three series of specimens 
were fabricated at Applied Thermal Sciences (ATS) in Sanford, ME using 
a system equipped with a real-time adaptive feedback control of the weld 
process. The fi rst series fabricated by ATS, Series-B, used the laser cold-wire 
process with a 25 kW CO2 laser operating at 14.3 kW delivered power and 
weld speed of 190.5 cm min−1 (75 in min−1). The weld profi le resulted in a 
fair geometry, small fl at-shaped fi llet as shown in Fig. 9.14(b).

Series-C, Fig. 9.14(c), was fabricated at a reduced process rate with 
increased wire feed and resulted in a good geometry with a larger fi llet of 
the same general profi le as Series-B. Figure 9.14(d) shows the resulting 
welds for the last series (12.5-mm HLAW), which used a laser-hybrid 
process and resulted in a very good geometry with a geometric profi le that 
was as near to circular as can be expected.

Fully reversed (R = −1) fatigue testing was performed at the University 
of Maine (Berube et al., 2005) using a 50 metric ton (110 kips) MTSTM 810 
universal testing machine with a TestStarTM digital controller, as shown in 
Fig. 9.15(a). The 355.6-mm long, 95.25-mm wide test specimens (Fig. 9.15b) 
were cruciform shaped and fabricated from 12.7-mm thick HSLA-65 steel 
plating. The gage length used for the testing was 177.8 mm with an 88.9 mm 
grip length. The testing was performed in load control, at a rate of 
2.22 MN s−1, and the specimens were loaded axially, under completely 
reversed sinusoidal loading, at stress levels of 103.4, 206.8, and 310.3 MPa. 
The controller automatically terminated the test when the extension of the 
specimen had doubled, which is indicative of a signifi cant crack in the 
specimen.

Hydraulic grip

12.7-mm specimen

(a) (b)

Weld

t = 12.7 mm typ.

95.25 mm

355.6 mm

9.15 Fatigue test specimen and test setup: (a) specimen in test 
machine, (b) test article.
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Fatigue data are plotted in Fig. 9.16 along with the S–N curve using 
parameters reported by Munse et al. (1983) and the average of the experi-
mental results performed by Kihl (2002) on conventionally welded HSLA-65 
steel cruciforms. In addition, the FAT 73 design based curve is also provided 
along with results from 25-mm thick HSLA steel cruciforms fabricated by 
HLAW. An objective of this study was to assist in developing welding 
parameters that would yield results that improved welding speed and had 
fatigue life equal to or better than conventional welds. Series-B and Series-
C welds were preliminary studies to determine the effect of fi llet size and 
shape on fatigue life. These series were tested at the intermediate 206.8 MPa 
stress range only, so that timely results could be obtained. Series-D is the 
fi nal production detail of the fi llet to be used in beam fabrication and was 
fabricated at a weld rate of 133.4 cm min−1 (52.5 in min−1), which is 5¼ times 
faster than the rate used for the Series-A welds, with virtually equivalent 
fatigue life. All 12.5-mm thick laser welded tests show longer fatigue life 
than predicted by the Munse curve. Series A and the 12.5-mm HLAW 
specimens show fatigue life better than that reported by Kihl (2002) for 
conventional welds of the same material. The thicker 25-mm HLAW test 
articles showed a substantially lower fatigue life where the average was 
below the curve by Kihl (2002) for conventionally welded HSLA-65 
cruciforms.

9.7.3 Lap joints

Lap joints are used quite frequently especially when attaching thin sheets 
together. They allow welding with less restrictive joint fi t-up tolerances. 
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9.16 HSLA-65 steel cruciform fatigue test results.
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Laser welding is a popular method of creating a lap connection in sheet 
metal owing to its simplicity, since a stake weld can be used where the laser 
energy penetrates the top sheet of a thin metal without the need for plug 
or spot welding. The net result is a weldment at the interface of the plates. 
The lap weld can be fabricated in various confi gurations as shown in Figs. 
9.17 and 9.18. The fatigue performance is a function of weld confi guration, 
among other effects. Since the actual weld dimensions are internal to the 
structure, the performance of lap-welds is often rated on a resistance per 
unit length basis in lieu of stress. In the case of a single lap, the connection 
is subjected, in general, to a combination of axial force, shear force and 
bending moments as shown in Fig. 9.19. The fatigue response of the lap 
connection has been analyzed, based upon the stress state at the weld root 
(Zhang, 2002a).

(a) (b)

(c)

(e)

(d)

9.17 Various weld confi gurations for the lap joint: (a) simple single lap 
joint, (b) tapered lap, (c) scarf joint, (d) stepped lap, (e) strap joint.

Single continuous transverse Single continuous longitudinal

Single intermittent transverse Single intermittent longitudinal

Multiple continuous transverse Multiple continuous longitudinal

9.18 Various weld confi gurations for the lap joint.
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Determination of the stress at the weld root is done on an empirical basis 
or by using a structural stress approach. However, there are still diffi culties 
in determining a proper value for structural stress in some cases. Fracture 
mechanics approaches using energy release rates, stress intensity factors 
and notch stress also have diffi culty in predicting fatigue response. This 
diffi culty can be attributed to variability in the weldment including post-
weld material and geometric properties and to experimental uncertainties. 
During testing of a lap connection, the critical interface is not accessible 
until the material has broken apart. The critical stresses in this joint are the 
shear stress across the interface, τ, and the normal stress, σ, at the weld root. 
Zhang (2002b) presents a method using strain gages in combination with 
fi nite element analysis to estimate the stresses at the critical locations and 
shows that a more representative prediction of the structural stress results 
in an improved correlation of fatigue results.

Lap joints subjected to axial loads represent a critical condition in the 
structure where fatigue is possible or likely. An axially loaded single-lap 
joint will include bending stresses in addition to the axial and shear stresses, 
as demonstrated in Fig. 9.19. Any unintentional gap between the plates that 
exists owing to manufacturing will further exacerbate the bending stresses. 
Lap joints suffer from the notch effect, surface cracks and residual stresses 
(Cho et al., 2004). The relative strength of the lap joint weld to base plate 
material is also highly dependent on the thickness of the plates being 
welded. Thin plates have a tendency to fail in the base material, whereas 
thick plates normally fail in the weld.

τ

σ

Root gap 

Longitudinal weld orientation Transverse weld orientation 

Axial force induces bending deformation 

Bending moments are increased by root gap  

Gap opens in transverse orientation 

Root gap 

τ
σ 

9.19 Stresses on an axially loaded single lap joint.
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Lap joints made from AISI 304 and AISI 316 stainless steel were tested 
by Dattoma (1994). Single lap specimens were welded with plate thick-
nesses of 1 mm and 2 mm using a CO2 laser. In the fatigue tests, the average 
slope was reported to be m = 4.73, which is more like the base metal than 
typical welded cruciform joints where the recommended value of m is 3.

Hsu and Albright (1989, 1991) demonstrated that multiple longitudinal 
welds parallel to the loading direction give a better performance than a 
transverse confi guration. Increasing sheet thickness reduces the fatigue 
strength of the weld. The fatigue response of a laser welded lap joint was 
three-quarters that of an unwelded smooth material. The one-quarter 
reduction in strength was attributed to residual stresses, material changes 
and possible discontinuities caused by the welding.

Wang and Ewing (1991) reported the fatigue strength of laser welded 
sheets of SAE 1008 grade steel to be better than resistance spot welds. Laz-
zarin et al. (1995) found similar strengths in laser welded bars and hot 
dipped galvanized sheets. The fatigue strength of most lap connections is 
generally lower than the base metal owing to the moment created by the 
offset of the sheets and any stress concentrations. Tests by Flavenot et al. 
(1993) on 0.7-mm thick mild steel sheets also demonstrated that laser 
welded lap joints have better fatigue resistance than spot welds. Microhard-
ness values reported peaked at approximately 260 HV0.1 to a basis of about 
110 HV0.1 with a HAZ of about 3 mm. A gap between the sheets can have 
a signifi cant infl uence on the fatigue response. Intermittent welds also show 
less fatigue life than continuous beads owing to stress concentrations at the 
point where the weld starts and stops. A single transverse lap weld results 
in the poorest response to fatigue. Again, increasing the sheet thickness also 
tends to reduce the fatigue life.

Nordberg (2005) compared laser welded lap joints to spot welded, 
clinched and adhesively bonded joints in stainless steel. Compared to spot 
welding, the continuous laser weld dramatically reduces stress concentra-
tion in the connections. A line load resistance at 2 × 106 cycles of 118 N mm−1 
for a 0.8-mm wide weld (nominal 147.5 MPa) was reported in 3-mm thick 
laser welded AISI 304 stainless steel. Doubling the welds or a wider bead 
resulted in a higher fatigue strength. The fact that the line load strength is 
related to the sheet thickness was also reported. A study on AISI 304CS 
steel reported line load resistance at 2 × 106 cycles of 60 N mm−1 for a 
0.6-mm wide weld (nominal 100 MPa) in a 1-mm thick plate and 75 N mm−1 
for a 1-mm wide weld (nominal 75 MPa) in a 2-mm thick plate.

Larsson et al. (1999) investigated the effect of laser bead on the fatigue 
properties of lap joints. Cold rolled sheet steel 0.9 mm thick was used at a 
laser power of 6 kW with speeds between 5 and 10 m min−1. The resulting 
bead widths ranged from 0.47 mm to 0.94 mm from higher to lower 
weld speeds. A single lap specimen with a single transverse weld bead was 
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used. The test results show that fatigue life increased with weld bead, as 
expected.

Sonsino et al. (2006) tested tube connections fabricated by laser welding 
with an overlapped joint. The tube sections were subject to multi-axial 
loading. They modeled the weld root as a notch with fi ctitious radius of 
0.05 mm. The effective equivalent stress hypothesis resulted in satisfactory 
prediction of fatigue life of these joints under complex multiaxial stress.

9.7.4 Stake welds in sandwich panels

Laser stake welding can be used to fabricate effectively a closed structure 
such as a sandwich panel. Welding of closed structures is normally diffi cult 
and weld types such as spot welds and plug welds have been used in the 
past. A laser stake weld provides the means to obtain a high quality continu-
ous weld. This allows welding of thin closed sections where it is not possible 
for a human or robot to enter and eliminates the need for human interven-
tion in larger structures. Figure 9.20 provides schematics of stake welds in 

Single weld in I-core stiffener Double weld in I-core 

Continuous face sheet

I-core web

Double weld in a truss-core panel

Truss-core web 

Continuous face sheet

9.20 Laser stake weld in I-core and truss-core panels.
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T-shaped and corrugated plate type structures. In a stake weld, the weld 
energy must penetrate through the top plate material in order to fuse the 
top sheet to the enclosed underlying material. The weld interface then 
becomes internal to the closed structure. A stake welded section may consist 
of one or more welds parallel to each other and placed in close proximity 
so that they may interact. Stake welds have been performed on thick mate-
rial from 8–20 mm using CO2 lasers with up to 40 kW output (Socha and 
Kujala, 2002; Kujala et al., 1999a,b). Some defects that can exist in stake 
welds are shown in Fig. 9.21.

Kujala et al. (1999b) performed a hardness investigation for T-shaped 
type stake welds in 12 different steel grades and plate thickness combina-
tions. The resulting weld width varied typically from 2–3 mm. Hardness 
values were at their peak at the root of the weld and ranged from 260 HV 
to 380 HV where the base metal hardness was 140 HV and 150 HV, respec-
tively. They compared the fatigue response of double run laser stake welds 
to arc fi llet weld T-joints and found that the laser stake weld lies in a fatigue 
class of 78 MPa mean and 67 MPa design (mean – 2 standard deviations), 
whereas the arc weld was in a fatigue class of 96 MPa mean and 71 MPa 
design. Romanoff et al. (2007) studied the stiffness of laser stake welded 
T-joints. Specimens with 2.5-mm and 3-mm face plates were used. They 
identifi ed several geometric inconsistencies in this type of weld including 
misaligned welds, varying and maximum root gap. The contact mechanism 
causes a signifi cant difference in joint stiffness.

Zero root gap closely
centered weld 

Varying root gap 

Offset weld 

Maximum root gap 

9.21 Geometric variations in an I-core stake weld.
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The fatigue performance of steel sandwich panels fabricated with laser 
stake welds for use in bridge decks was studied by Bright and Smith (2004) 
in the UK. They used a 25 kW CO2 laser source that operated at about 10% 
effi ciency and a mirror beam delivery system that focused the laser light 
down to a 0.6-mm diameter spot. Helium was used as the shielding gas. For 
a stake weld, they noted that penetration is dependent on welding speed 
with slower welds penetrating deeper. However, a weld performed too 
slowly would cause burn through. They noted that there are no standards 
for the amount of penetration required and they suggested that the 
maximum penetration possible without burn through should be used. Their 
sandwich panel concept welded HPE 240 steel beams spaced at 300 mm 
between 8-mm and 12-mm face plates. Deck bending and joggle type fatigue 
tests were conducted on cut sections with two, four or sinusoidal shaped 
stake welds per fl ange. Deck bending tests with two welds per fl ange showed 
the most favorable fatigue response and fell under class C with the four 
welds per fl ange falling between class D and E and a sinusoidal weld detail 
near class F2. In the joggle tests, failure occurred in the I-beam web at the 
root fi llet with no weld failures observed.

The residual stress in laser welded truss-core type sandwich panels laser 
welded using a CO2 laser with no fi ller metal was investigated by Daurelio 
et al. (2001). They used AISI 304 stainless steel with a trapezoidal (V-core) 
geometry. They found peak residual stress values to be on the order of the 
yield strength of the material. Alenius et al. (1999) fatigue tested laser 
welded sandwich panels consisting of AISI 304 stainless steel. The panels 
have a hollow square section core made 40 mm × 40 mm × 1.5-mm thick 
with 1-mm thick face sheets. Three panels were tested, two with poly-
urethane foam fi ll and one without. A single weld without fi ller was used 
per square tube at 1.6 kW power at 3.5 m min−1. A four-point bending 
fatigue test was performed on the panels with stress ratio R = 0.1. The 
maximum force of 33 kN was approximately 63% of the static strength of 
the panel. Fatigue response curves plotting displacement of the panel cen-
terline versus cycles showed that severe distress from fatigue began between 
0.5 M and 1 M cycles. They concluded that the foam had no bearing on the 
results and that quality of the welds is very important for fatigue life.

9.8 Conclusions

Process techniques, new materials, automated equipment and use of laser 
welding are continuing to grow at a rapid rate, which often necessitates 
experimental study of the infl uence of the structural and manufacturing 
details on the fatigue life. Laser welds are characterized by a narrow HAZ 
with a steep hardness gradient compared to conventional GMAW and SAW 
welds. The changing microstructure results in strength mismatch between 
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the weld material, HAZ and base material. The localized heat input also 
results in considerably less distortion of the fi nished product when com-
pared to GMAW or SAW, which is a defi nite advantage. The high hardness 
gradient indicates that the process control details need to be carefully 
monitored to mitigate weld fl aws that can reduce the fatigue life. Auto-
mated quality control systems have been developed to modify weld param-
eters in real time, resulting in much improved weld quality.

Autogenous laser welding relies on low tolerance fi t-up of the materials, 
as the gap between materials needs to be minimized for good quality welds. 
This is usually achieved by precision manufacturing techniques such as laser 
cutting, machining and precise fi xturing. This can dramatically increase the 
cost of the welding operation. Also, weld geometries with high stress con-
centrations may be the result of lack of fi ller. Compared to laser beam 
welding alone, the combination of laser welding and GMAW into the 
HLAW process helps to mitigate some of these effects. Synergistic effects 
are observed with HLAW, where the laser can be used to provide the deep 
penetration desired and the GMAW process can be used to add fi ller mate-
rial and create more desirable weld contours. This results in a weld that still 
has a low heat input, hence low distortion of the component. Welds can be 
done at higher rates than laser alone, improving the economy even further.

Popular welding equipment in use includes CO2 and ND : Yag lasers. The 
CO2 laser can achieve very high laser power output, with systems of up to 
45 kW in use today. They rely on a system of mirrors and optics to deliver 
the concentrated photon energy. In comparison, NG : Yag lasers are cur-
rently of less power output (in the 10 kW maximum power range), but are 
much more effi cient in their power usage. One of their main advantages is 
that the laser energy can be delivered through optical fi ber, making them 
more versatile and amenable to use in automated systems.

Fatigue test results on laser welds come from a variety of sources and 
from programs with varied objectives. Some results from experimental 
programs where processes have not been fully developed may result in 
misleading conclusions, since fatigue in the fi nal end product may be dif-
ferent. Fatigue life is infl uenced by a multiplicity of factors, which are weld 
process, joint detail and material dependent. Fatigue testing and evaluation, 
especially when new processes are being developed and new materials 
implemented, is still a very active area of research.

Fatigue testing typically results in wide scatter, especially when results 
from different test programs are compared to each other. More uniform 
fatigue results will be obtained as weld quality improves through real-time 
quality control and automated manufacturing results in a more consistent 
end product. Defects such as porosity, burn-through and lack of fusion can 
be minimized by proper selection of parameters. The surface geometric 
profi le of the weldment is very important in the level of stress concentration 
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and generation of fatigue cracks. Processes that improve surface profi le 
without the need for post-weld operations will be more cost effective and 
will substantially improve the fatigue life. As quality increases and automa-
tion improves the consistency of the laser welding process, it is envisioned 
that fatigue life predictions may be feasible on an analytical basis with 
knowledge of the process, materials and actual weld geometry.

Laser welding is a cost-effective high quality joining process. Guidelines 
accepting laser welding and conformance standards can foster the imple-
mentation of laser welding in some areas. The acceptance typically hinges 
upon substantial research demonstrating that laser welding results in an end 
product with cost-effectiveness, strength and durability comparable or 
superior to existing processes.
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Abstract: Tailor welded blanks (TWB) are sheet metals varying in 
thickness, material, coating, and so on that are welded together prior to 
the forming process that gives them their fi nal structural shape. The 
main issue in the application of TWB is reduced formability after 
welding. The main aim of this chapter is to present an overview of the 
different properties of TWB and to show links between the properties 
and formability of TWB. The three main topics of the chapter are 
mechanical properties of TWB, different aspects of the formability of 
TWB and methods for prediction of the formability of TWB.

Key words: ductility, formability, forming limit diagrams, mechanical 
properties, tailor welded blanks.

10.1 Introduction

10.1.1 Concept of tailor welded blanks

The concept of tailor welded blanks (TWB) originated in the 1960s, but the 
fi rst applications were introduced later, in the 1980s (Rooks, 2001). The 
concept is simple: instead of forming different parts fi rst and than welding 
them together into a substructure, the TWB concept reverses these activi-
ties, fi rst welding, then forming. This reversal also makes it possible to create 
tailored blanks for a specifi c product or part. For example, the thickness can 
be adapted to the local requirements of the part or, as offered by friction 
stir welding (FSW), even greatly different alloys can be joined. In these 
cases a high degree of tailoring is achieved.

Among the applied welding methods, laser beam welding (LBW) and 
mash seam welding have received most attention. According to some 
reports, either CO2 or Nd:YAG laser welding is used in approximately 
99% of all TWB applications (Montgomery et al., 2004). However, other 
types of welding such as FSW, electron-beam welding and induction welding 
can also be used for TWB (Zhao et al., 2001). Laser beam welding is the 
dominant joining method for steel alloys and FSW is often used for alu-
minium alloys.
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10.1.2 Advantages and disadvantages of tailor 
welded blanks

Changing the manufacturing order results in a number of advantages. First, 
welding fl at sheets is much easier and cheaper than welding three-
dimensional parts. Second, a weight reduction can be achieved when, for 
example in a car, the less effi cient spot-welded overlap joints are replaced 
by continuous laser beam welded butt joints. Most welding processes offer 
the possibility of welding blanks with different thickness; some processes 
(like FSW) also allow the welding of greatly different alloys. The possibility 
of varying the thickness and material of each individual blank allows the 
designer to use the material optimally, resulting in a more effi cient and, thus, 
lighter structure. For example, a high strength alloy in one location can be 
combined with the toughness of another alloy in another location, for 
example to resist fatigue. In this way both areas can be optimized for local 
requirements. Third, the weight and cost reduction have a positive effect on 
the sustainability of the parts by way of less fuel consumption, fewer 
resources, and so on.

The TWB concept also has several disadvantages. The most important 
disadvantage is the effect of the weld line on the formability of the TWB. 
The material in the weld line experiences high temperatures or becomes 
liquid (in case of fusion processes). As a result, locally the original micro-
structure changes and this has a signifi cant impact on the yield strength, 
failure strain and strain hardening, three material properties that determine 
the formability of the blank. The reduced formability affects the application 
of the TWB.

10.1.3 Applications of TWB

The main area of applications for TWB is the automotive industry (Team, 
2001). Today, many car and truck manufacturers apply the TWB concept 
in their products. Most favored are parts where a signifi cant benefi t is 
obtained in weight and/or structural effi ciency. Examples are rails, pillars 
(Fig. 10.1), beams and boxes. For these parts, two or more sheets are (laser 
beam) welded to one blank. The introduction of aluminum parts in the car 
industry also gave a positive impulse to the application of TWB. Today, 
most required TWB are fabricated by specialized methods (Team, 2001).

An emerging and potential market is the aircraft industry. The highly 
loaded aircraft structures (wing, fuselage) are assembled from many differ-
ent parts. Although welding is hardly used for aircraft parts, variations of 
the TWB concept could be used like blanks made by (chemically) machin-
ing or adhesive bonding, instead of welding. Combining these blanks with 
universal processes like press brake bending and rubber forming means 
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10.1 Press formed B-style, made of TWB (reproduced from Tomberg, 
2007).

that signifi cant decreases in weight and/or costs (order of 10–30%) can be 
achieved.

10.1.4 Scope and outline of this chapter

The main focus of this chapter is the relation between the properties of a 
TWB and the formability of TWB. As stated before, owing to the welding 
process, the formability of the material in the weld area is decreased. The 
chapter is composed of three main sections. First, the mechanical properties 
of TWB are discussed. The second section is devoted to the formability of 
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TWB. The last section focuses on the formability prediction methods that 
can be applied to TWB. Finally, the chapter makes some concluding remarks 
and some suggestions for further reading.

10.2 Mechanical properties of tailor welded blanks

10.2.1 Hardness

The hardness test is often used as an indirect mechanical testing technique. 
Generally speaking, harder materials are stronger, that is they have higher 
yield strengths, are more brittle and deform less until failure (Gedney, 
2002). Several studies have shown that the hardness of the area near the 
weld seam of TWB is signifi cantly changed by welding (Wild et al., 2001; 
Seo et al., 2000b; Min and Kang, 2000; Kang et al., 2000; Chan et al., 2005a; 
Cheng et al., 2005b; Friedman and Kridli, 2000; Kampus and Balic, 2003). 
However, the changes in hardness and its distribution vary with different 
welding methods (Kampus and Balic, 2003), base metals (Min and Kang, 
2000) and thickness ratios (Chan et al., 2005a).

Similar to steels, studies show that the hardness increases in the weld 
seam in most cases (Wild et al., 2001; Seo et al., 2000b; Min and Kang, 2000; 
Kang et al., 2000; Chan et al., 2005a; Kampus and Balic, 2003). However, the 
level of the increase depends on the welding method and metal properties. 
In laser welding, hardness increases ranging from 50% (Chan et al., 2005a) 
to 250% (Seo et al., 2000b) are reported. The increase of hardness can also 
be dependent, for example, on the amount of carbon content (Min and 
Kang, 2000). Nevertheless, a level of 120% increase is typical for most 
applications (Kang et al., 2000). Similar increases in hardness are reported 
for other welding methods. For example, it is shown that the hardness of 
the weld zone increases by about 50% for mesh and upset welding (Min 
and Kang, 2000; Kang et al., 2000). The area of hardness increase can have 
a width from tenths of a millimeter to a few millimeters depending on the 
material and welding method (Min and Kang, 2000). Also the type of heat 
input is important in this regard, because a more concentrated heat input, 
like laser welding, results in narrower regions of increased hardness com-
pared to other less concentrated methods, like metal inert gas (MIG) 
welding (Kampus and Balic, 2003).

Aluminum alloys can be categorized as being either heat treatable (pre-
cipitation-hardened) or non-heat treatable (solid solution hardened) 
(Mishra and Ma, 2005). Among the standard series of aluminum alloys, the 
2000, 6000 and 7000 series are (generally) heat treatable, whereas the 1000, 
3000, 4000 and 5000 series are (generally) non-heat treatable. The effects 
of welding on the hardness of heat treatable and non-heat treatable alloys 
tend to be different. Heat-treatable alloys normally undergo signifi cant 
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precipitate dissolution and coarsening caused by high welding tempera-
tures. This results in signifi cant strength reductions after laser (Wu et al., 
2004; Friedman and Kridli, 2000) or gas tungsten arc welding (GTAW) 
(Miles et al., 2004) and thus considerably lower hardness levels in the weld 
and heat-affected zones. Some non-heat treatable alloys such as 5182-O 
may develop a slightly higher hardness in the weld zone after FSW owing 
to grain refi nement and residual work hardening (Miles et al., 2004). It is 
also well established that, for (5000 series) aluminium alloys, a higher hard-
ness and tensile strength are associated with higher magnesium content 
(Zhao et al., 1999). Loss of ductility and tensile strength in laser-welded 
aluminums may originate from depletion of the magnesium content during 
welding (Shakeri et al., 2002; Cheng et al., 2005b; Venkat et al., 1997; Pastor 
et al., 1999). In general, vaporization of various volatile alloying elements 
such as zinc, lithium and magnesium takes place during the laser welding 
of aluminum alloys because these elements have much higher equilibrium 
pressure than aluminum (Zhao et al., 1999). Since these volatile elements 
can form precipitates, their volatilization may contribute to the degradation 
of the mechanical properties and softening of the weld metal (Zhao et al., 
1999). In the case of FSW, the hardness profi le may be asymmetric around 
the weld centerline, which is due to the different deformation and tempera-
ture histories on the advancing and retreating sides (Zadpoor et al., 2008) 
(Fig. 10.2).

10.2.2 Tensile testing methods

The fact that there might be different materials and thicknesses in one 
single sheet metal assembly results in potentially non-uniform distribution 
of strains and stresses in the tensile test specimens made of TWB. Therefore, 
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the uniform strain assumption that is the basis of many conventional strain 
measurement techniques, such as extensometers, is not valid any more and 
one may need to use tailor-made tensile tests specimens or resort to more 
elaborate measurement techniques.

One important factor in testing TWB is the size of the specimens. The 
size of the specimens depends on what needs to be tested: the joint or the 
weld. If the joint is tested, the specimen should include both the weld and 
the base metals. In this case, the size of the specimen can be as large as the 
size of the standard ASTM E8 specimens. If the weld is being tested, only 
the material of the weld should be present in the gauge length. Wild et al. 
(2001) showed that only sub-sized specimens (smaller than ASTM E8 speci-
mens) can give reliable tensile properties. They argued that this is because 
the contribution of the weld to the tensile deformation diminishes as the 
size of the specimen increases. Indeed, the standard specimens overestimate 
the ductility of the weld metal (Davies et al., 1999, 2000). When the relative 
size of the weld in the gauge length increases, the stress–strain curve of the 
specimen approaches the stress–strain curve of the weld metal (Wild et al., 
2001). Therefore, many researchers have chosen to use small (Wild et al., 
2001; Hetu and Siegert, 2005) or miniature test specimens (Davies et al., 
2001). The miniature test specimens are small enough to ensure that only 
the material of the weld is present in the gauge area. It is shown that reli-
able weld properties can be obtained by using this method (Davies et al., 
2001). Nevertheless, there are some diffi culties associated with the minia-
ture test specimens. For example, manufacturing of the miniature test speci-
mens is not easy.

Owing to these problems, efforts are made to use other methods to 
measure the tensile properties of the material of the weld. The rule of mix-
tures (ROM) is one of the methods. This method can be applied only for 
longitudinal (standard) test specimens. The method assumes that the longi-
tudinal strains are uniform across the welded specimen and that the tensile 
load, P, is divided between base metal 1, base metal 2 and the material of 
the weld as follows:

P = σ1A1 + σ2A2 + σ̄wAw [10.1]

where s and A denote stress and cross-section area, respectively. Subscripts 
1, 2 and w stand for base metal 1, base metal 2, and the material of the weld, 
respectively.

If the strength and strain-hardening coeffi cients of the base metals are 
known, the average stress in the material of the weld, σ̄w, can be calculated 
as:

σ ε ε
w

n n

w

P K A K A
A

=
− −1 1 2 2

1 2

 [10.2]
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where ε is the uniform longitudinal strain, K is the strength coeffi cient and 
n is the strain hardening component. The rule of mixtures was used by some 
researchers to determine the stress–strain curve of TWBs (Wild et al., 2001; 
Ghoo et al., 2001a; Hetu and Siegert, 2005). The most important diffi culty 
associated with the ROM method is the determination of the cross-section 
of the weld. Micro-hardness measurements can be applied to determine this 
size. A more complete version of ROM, which works both for longitudinal 
and transverse specimens, is presented by Liu and Chao (2005).

A recent trend in the measurement of the local mechanical properties of 
TWB is to use non-contact optical methods such as the digital image cor-
relation (DIC) technique. DIC uses digital imaging to trace back a pre-
applied random ink pattern on the surface of the specimen. After the test, 
a computer program compares the successive digital images that are taken 
during the test and correlates the ink patterns of the images. Subsequently, 
the local strains can be determined using the calculated displacements of 
the ink pattern. DIC has been used by many researchers, see for example 
(Hatamleh, 2008; Genevois et al., 2005, 2006; Lockwood and Reynolds, 2003; 
Sutton et al., 2004). Figure 10.3(a) depicts the contour of the local yield 
strength of a sample friction stir weld as example (aluminum alloy 7075-T6). 
The speckle ink pattern and the calculated values of the local yield strength 
are superimposed in this fi gure. Figure 10.3(b) presents the local stress–
strain curves for the same weld and identifi es the 0.2% yield point for each 
single curve.

10.2.3 Global mechanical properties

The global mechanical properties of TWB are normally determined by 
using tensile test specimens that contain the different zones of the weld; the 
specimens may or may not contain base metal. This category of tests gives 
information concerning the TWB as a whole and is extensively used for 
study of the strength and ductility of tailor welded blanks. Whether the 
strength of the material is affected by welding is highly dependent on the 
materials and welding parameters. It is shown that post-weld strengths of 
some steels, for example SPCC, remain at the same level as the base metal 
regardless of the welding method (Chan et al., 2003; Kang et al., 2000; Chan 
et al., 2005a). The same holds for O-tempered aluminum alloys (Cheng 
et al., 2005a; Miles et al., 2004; Davies et al., 2000). However, precipitation-
hardened aluminum alloys change in properties during welding and tend 
to have a lower strength compared to the base metals (Wu et al., 2004; Miles 
et al., 2004; Friedman and Kridli, 2000) because of the dissolution and coars-
ening of precipitates.

Wherever local remelting takes places, like in the case of laser welding, 
or if the material undergoes dynamic recrystallization, such as in the case of 
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FSW, the grain size in the weld zone may be different from that of the base 
metal. The disparity between grain sizes results in different yield stresses 
and, thus reduced strength (Hall–Petch relationship) (Friedman and Kridli, 
2000). However, some experimental studies found that, despite the large 
disparity between grain sizes in the weld and the base metal zones, there is 
no considerable change in the tensile strength (Friedman and Kridli, 2000). 
Yield strength and tensile strength of TWB are shown also to be dependent 

s y
 (

M
P

a)

440

420

400

380

360

340

320

Weld

(a)

450

300

150

0

S
tr

es
s 

(M
P

a)

0 0.05 0.1 0.15 0.2 0.25

Strain(b)

10.3 Local yield strength values around the weld centerline (a) and the 
local stress–strain curves and the local values of yield strength (b) 
from the advancing to the retreating sides of a sample weld 
(aluminum alloy 7075-T6).

�� �� �� �� ��



266 Failure mechanisms of advanced welding processes

© Woodhead Publishing Limited, 2010

on orientation of the weld line. Seo et al. (2000b) reported that the yield and 
tensile strengths of longitudinally welded tensile specimens (laser welded 
SPC1 sheets) are 12% better than transversely welded specimens.

Experimental results show that ductility of tailor welded blanks decreases 
after welding. This decrease is highly dependent on, for example, the welding 
method (Miles et al., 2004), weld line orientation (Cheng et al., 2005a), size 
of the weld area in the cross-section of the specimens (Davies et al., 2000) 
and the thickness ratio (Friedman and Kridli, 2000). Miles et al. (2004) 
showed that FSW TWB have better ductility compared with gas tungsten 
arc welded TWB (Cheng et al., 2005a). Davies et al. (2000) argued that an 
increase in porosity of weld metal and in the size of the weld area in the 
cross-section of the specimen would decrease the ductility. Cheng et al. 
(2005a) showed that transversely welded 5754-O TWB are more ductile 
than longitudinally welded ones. Smaller thickness ratios will also result in 
improved ductility (Chan et al., 2005a; Friedman and Kridli, 2000).

Zadpoor et al. (2008) studied the global mechanical properties of fi ve 
different confi gurations of FSW TWB (AA2024-T3 and AA7075-T6) in 
two conditions: as-welded and machined. The machined specimens were 
shaved so that the thickness is the same throughout the specimen surface. 
They showed that the mechanical properties of the alloys are much infl u-
enced by FSW. The yield and tensile strengths as well as the elongation 
decrease after FSW. The percentage decreases in the yield and tensile 
strengths were lower than for the elongation. Furthermore, the level of the 
decrease in the mechanical properties was highly dependent on the welding 
confi guration.

10.2.4 Local mechanical properties

TWB is a heterogeneous assembly which, in many cases, cannot be treated 
as a uniform material. In order to design and simulate TWB, one has to 
characterize the local mechanical properties of the different zones of TWB. 
The methods discussed in the previous sections such as DIC can be used 
for this purpose. The number and size of the zones depend on the welding 
technique. For example, in fusion welding there are two major zones: weld 
seam and heat affected zone (HAZ). The size of the zones is dependent on 
the welding parameters. However, the weld seam tends to be narrower than 
the weld nugget in FSW TWB. In the case of FSW TWB, there are at least 
three different zones: weld nugget (WN), thermomechanically affected 
zone (TMAZ) and HAZ. Moreover, owing to the different deformation 
and thermal patterns on the advancing and retreating sides, the mechanical 
properties of the different zones are asymmetric around the weld centerline 
even for same-thickness same-alloy welds (Zadpoor et al., 2008). On top of 
all these diffi culties, the mechanical properties may not be the same within 
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one single zone. Therefore, it may not be possible to use one single value 
to represent an entire weld zone of a given TWB.

The heterogeneity of the distribution of the mechanical properties has at 
least two implications for the fracture analysis and design of TWB. First, one 
needs to characterize a large number of mechanical properties. The tensile 
properties are relatively easy to characterize using automated optical 
methods such as DIC. However, the forming limits of the different zones 
are also different and the determination of the forming limits of different 
zones is not as straightforward. Therefore, a given TWB has to be character-
ized in just as much detail as needed. Secondly, design and analysis of a 
heterogeneous structure is much more diffi cult than a uniform structure, 
because the usage of the additional mechanical properties also comes at a 
cost. For example, implementation of the mechanical properties of the dif-
ferent zone of a TWB in FEM models is a delicate compromise between 
accuracy and computational cost. While implementation of too much detail 
can result in a model that is too complex and too computationally expensive, 
implementation of too little detail results in a model that is not accurate 
enough. Different authors have addressed the problem. Zadpoor et al. 
(2009a) studied the fi nite element (FEM) modeling of FSW TWB and 
whether or not the implementation of details affects simulated strain distri-
bution and springback behavior of FSW TWB. They concluded that the 
implementation of weld details makes a signifi cant contribution to the accu-
racy of the prediction of the failure, strain fi eld and springback behavior.

10.3 Formability of tailor welded blanks

10.3.1 Forming limit diagram – (FLD)

For the evaluation of the formability of a metal alloy (Wagoner et al., 1989) 
Keeler and Goodwin developed the so-called forming limit diagram, the 
FLD. This diagram (Fig. 10.4) consists of a (lower and upper) limit line 
(forming limit curve, FLC), separating the safe combinations of in-plane 
principle strains ε1 and ε2 below the line and combinations above that line, 
which result in failure. The lower and upper limits represent the scatter in 
the FLDs, which are retrieved by experimental testing. The material is 
regarded as isotropic with a congruent stress–strain curve; therefore, the 
plot is limited to a quarter of the ε1–ε2 fi eld. The distinction between diffuse 
necking and local necking/fracture, which becomes apparent at ε2 < 0, is 
illustrated by a set of (dashed) lines.

The FLD is primarily an experimental tool, determined by formability 
tests. Formability tests are divided into intrinsic tests and simulative tests. 
Intrinsic tests measure material properties; the results are not dependent on 
specimen dimensions, machine parameters, thickness, surface characteristics, 
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10.4 Schematic plot of a FLD.

or lubricants. Examples of intrinsic tests are the tensile test, bulge test, hard-
ness test, plane strain tensile test and the Marciniak biaxial stretch test. 
Simulative tests are related to a particular forming process and/or geometry 
and account for effects of process variables like die and punch geometry, 
lubrication and punch speed. Examples of simulative tests are the Olsen test, 
limiting dome height (LDH) test, Ohio State University (OSU) method 
(Kim and Park, 1994), Yoshida test, bend test, Swift cup test and the plane-
strain stretching test (Kim and Park, 1994).

The FLD is expressed in plastic strains, which are measured after the 
forming process, when the load is released. Therefore, no elastic strains are 
present in a FLD. Typical methods of measuring strains during testing are 
simple (etched) grids that can be evaluated by software.

The FLD can be divided in areas, each representing a specifi c deforma-
tion mode. At the left-hand side of the plot, the minor in-plane strain (ε2) 
is negative. In this region the deformation is called ‘drawing’, a combination 
of tensile and compressive strains. At the right-hand side of the diagram, 
both in-plane strains are positive, which is referred to as ‘stretching’. 
Between the two areas, at the vertical axis, the minor in-plane strain 
becomes zero, the ‘plain strain’ condition, which is representative for 
bending. The least formability usually occurs in the plane strain condition 
(ε2 = 0). Therefore, it is a conservative approach to use this condition as a 
formability limit for the sheet metal.

In the diagram (Fig. 10.4) deformation paths are plotted, representing the 
increase or decrease in the strains. Two paths are plotted: a curved path (1) 
and a straight path (2). Based on the assumptions, the FLD is only valid for 
monotonous and proportional loading – the straight line (2). For curved 
lines like (1), the FLD becomes less reliable. Nevertheless, the FLD is often 
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used as a fi rst-order analysis tool for the evaluation and prediction of the 
formability of a metal alloy.

The limit values in the FLD are dominated by material properties, 
although the FLD cannot be regarded as a material property since some 
non-material variables also have an impact on the limits. Three important 
material parameters are discussed here: the failure strain, the strain harden-
ing and anisotropy.

The failure strain, measured during a tensile test, is one data point in the 
FLD and gives a fi rst indication of the formability of a material. The higher 
the failure strain, the better the formability of the material. The failure or 
limit strain can be based on two criteria: end of homogeneous deformation 
(start of diffuse necking, solid lines) or the onset of local necking (dashed 
lines). Each metal alloy and temper has a specifi c FLD and a material with 
a better formability has higher limit values in its FLD. For some alloys the 
limits can be manipulated by strain or precipitation hardening processes.

The strain hardening does not infl uence the forming limits, but does 
infl uence the distribution of the strains over the part. A high strain harden-
ing is benefi cial for stretching operations when it distributes the strains 
more evenly over the sheet material. As result, the peak strains are reduced 
and the deformation becomes less critical. So, for processes involving a 
signifi cant amount of stretching, a high strain hardening coeffi cient is favor-
able. However, for bending processes a small strain hardening coeffi cient 
is preferred.

The third parameter is anisotropy. Most metal blanks show some aniso-
tropic behavior. A high normal anisotropy factor is favorable, but high 
in-plane anisotropy is not preferred. To quantify the anisotropy, the Lank-
ford parameter is introduced: R = ε2/ε1. The R-value may vary with the 
orientation to the rolling direction (RD). The effect of the anisotropy on 
the FLD is in the changing of strain path orientations and in the limit values 
that may increase or decrease. A high normal anisotropy factor increases 
the in-plane formability of the material and moves the forming limit 
upwards (like for higher failure strains). Note that, in case of signifi cant 
anisotropy, one should reconsider the original assumptions related to the 
FLD (ε1–ε2 area).

Non-material parameters also infl uence the FLD. The applied stress ratio 
infl uences the criticality of forming a specifi c process. If, for a specifi c 
product (represented by point A in Fig. 10.5), the applied loads in ε2 direc-
tion are increased, then point A moves to the right, the distance to the FLC 
increases and the part manufacture becomes less critical.

Another parameter, lubrication, has an effect like strain hardening. The 
lower the friction between the tooling and the sheet, the more evenly the 
strains are distributed over the part. Again, the peak values are leveled and 
the deformation becomes less critical.
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10.5 Effect of several material parameters on the FLD.

10.3.2 Effects of welding parameters

The forming limit diagrams in the previous sections are illustrated for 
monolithic sheets. Tailor welded blanks consist of at least two materials 
joined by a weld. First we focus on blanks made of sheets of the same alloy 
and thickness.

Concerning TWB, two approaches can be used to develop forming limit 
diagrams. The fi rst approach combines the properties of the base metals and 
the weld material and creates one FLD representing the whole blank. The 
second approach provides different FLD for the base metals and the weld 
material. Most investigators have used the fi rst approach. Ghoo et al. 
(2001b) proposed the second approach to improve the accuracy of FLD. In 
this approach, two different limit curves are plotted. One of the curves 
represents the forming limits of the base metal and another represents the 
forming limits of the weld metal. Since there can be a considerable differ-
ence between these two, the fi nal FLD obtained by the second approach is 
generally more accurate. Note that, when different base metals are applied, 
more curves are presented in the FLD. The formability of TWB (and their 
limits in a FLD) is infl uenced by the resulting microstructure of the weld 
and the HAZ in particular.

Generally, before the welding process, the parent metal sheets have high 
mechanical properties owing to their composition and processing. The spe-
cifi c alloy, and its processing by heat treatments or cold work, have specifi c 
and dedicated microstructural features that will increase the (yield) strength, 
fatigue resistance or other properties. Once the sheets are welded together, 
along the weld line, these specifi c properties are (partly) disrupted. In a line 
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perpendicular to the weld line the hardness, yield strength and ultimate 
strength often decrease, which can be demonstrated by hardness measure-
ments or DIC.

Whether the strength of the material is affected by welding is highly 
dependent on the materials and welding parameters. It is shown that post-
weld strengths of some steels, for example SPCC, remain at the same level 
as the base metal regardless of the welding method (Chan et al., 2003; Kang 
et al., 2000; Chan et al., 2005a). The same holds for O-tempered aluminum 
alloys (Cheng et al., 2005a; Miles et al., 2004; Davies et al., 2000). However, 
the properties of hardened aluminum alloys change during welding and 
tend to have a lower strength comparing to the base metals (Wu et al., 2004; 
Miles et al., 2004; Friedman and Kridli, 2000). Owing to local remelting, the 
grain size in the weld zone can be different from that in the base metal. The 
disparity between grain sizes results in different yield stresses and, thus, 
reduced strength (Hall–Petch relationship) (Friedman and Kridli, 2000).

Failure limits also change. The thermal and mechanical features of the 
welding process alter the microstructure and thereby also the failure strains. 
Often, the failure strain decreases and the material in the weld zone become 
more brittle. This results in a lowering of the forming limits in the FLD. 
Generally, aluminum alloys become more brittle when the grain size 
increases, because intergranular fracture occurs more easily. Sato et al. 
(2004) showed that there is an optimal grain size for which the formability 
reaches its maximum.

Experimental results show that ductility of TWB decreases after welding. 
This decrease is highly dependent on, for example, the welding method 
(Miles et al., 2004), weld line orientation (Cheng et al., 2005a), size of the 
weld area in the cross-section of the specimens (Davies et al., 2000) and the 
thickness ratio (Friedman and Kridli, 2000). Miles et al. (2004) showed that 
FSW TWB have better ductility compared with gas tungsten arc welded 
TWB (Cheng et al., 2005a). Smaller thickness ratios will also result in 
improved ductility (Chan et al., 2005a; Friedman and Kridli, 2000).

The reduced formability of the material weld line infl uences the form-
ability of the entire blank along the weld line as well as perpendicular to 
it. The reduced failure strain, smaller strain hardening and increased anisot-
ropy have their impact on the forming limits and the strain paths or trajec-
tories in the FLD.

10.3.3 Effects of design variables

One of the design variables is the thickness ratio. A thickness ratio results 
in a local stress concentration and a shift in the neutral axis. The stress 
concentration reduces the failure strain and the shift of the neutral axis 
causes local bending of the material.
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Therefore, the thickness ratio affects the forming limits of the TWB. The 
formability of the TWB (presented by the FLD or minimum major strain) 
decreases generally with an increase in the thickness ratio (Chan et al., 2003; 
Shakeri et al., 2002; Chan et al., 2005a,b). TWB with thickness ratios close 
to unity show a minimum major strain closer to those of the base metals 
(Seo et al., 2000b; Chan et al., 2005a).

The changes in material properties at the transition line may result in 
stress/strain localization. Therefore, it is generally better to design the weld 
line in low strain regions. The local effects may result in, for example, 
higher stress concentration factors. It is generally better to design the weld 
lines in the low strain regions. A priori knowledge of stress and strain dis-
tributions within the TWB is important for all of the above-mentioned 
purposes.

At the same time, the formability of the blank depends on the welding 
process too. For example, because of the narrow bead width and hard 
welding part in a laser welded joint and wide hardening part and the soft 
welding part in a mash seam welded joint (Kim et al., 1996), it is believed 
that mash seam welded specimens have good formability in the ball-
stretching test, whilst laser welded specimens have good formability in 
the ball hole-expansion test (Min and Kang, 2000).

The formability also depends on the loading conditions such as the ori-
entation of loading with respect to the weld line. Cheng et al. (2005a) 
observed that the minimum major strain of TWB with longitudinal welds 
is almost the same as the base metal. However, the minimum major strain 
was reduced from 0.24 to 0.19 for TWB with transverse welds (Cheng et al., 
2005a). Miles et al. (2004) found that FSW aluminum TWB have lower 
forming limits in comparison with the base metals when biaxial strain condi-
tion are reached. Although the formability of the TWB was similar to the 
base metals under plain-strain conditions, it rapidly decreased as biaxial 
strain conditions were approached and straining occurred across the weld 
line (Miles et al., 2004). The above results are consistent with the results of 
Friedman and Kridli (2000). According to their fi ndings, the formability 
decreases as the weld orientation becomes perpendicular to the stretching 
direction. However, they realized that 80% of the base metal formability 
could be retained with stretching direction oriented 45° to the weld line.

10.3.4 Weld line movement

The dissimilar properties of two pieces of sheet metal in a TWB also affect 
the metal fl ow. Different pieces of sheet metal, used in a typical TWB, have 
different strengths and deform differently. If the material is stretched per-
pendicular to the weld line, the deformation of the weaker parent material 
is larger, which results in movement of the weld line to the stronger material 
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and ultimately may cause tearing of the weaker material. Reversely, com-
pressive stresses may lead to wrinkling in some forming applications. Here, 
the inability of the weaker material to withstand the high compressive stress 
and the reduced buckling strength in case of thinner sheet result in move-
ment of the weld line towards the thinner material and eventually buckling 
of the thinner material (Kinsey et al., 2004).

Three consequences of the metal fl ow are likely to occur in forming TWB 
that are associated with the above-mentioned failure modes (Kinsey and 
Cao, 2003). First, the weld line may move toward the stronger material. 
Second, the unsupported or unconstrained thin material may wrinkle or 
buckle. The unconstrained condition occurs (for rigid tools) as a result of 
the initial clearance between the step in the blank-holder plate and the weld 
line. The clearance is necessary to accommodate the thickness step between 
the thicker and the thinner material. Finally, an over-constrained condition 
of the material occurs in some (deep) drawing processes, resulting in a weld 
line movement toward the thinner material and may fi nally cause tearing 
failure (Kinsey and Cao, 2003).

The initial location of the weld line plays an important role in the weld 
line movement. Studies of deep drawing show that larger weld line move-
ments are related to larger distances of the weld line to the centerline of 
the part (Seo et al., 2000a; Heo et al., 2001a). The maximum drawing depth 
and maximum drawing force increase when this distance decreases (Heo 
et al., 2001a).

The blank shape infl uences the weld line movement as well (Seo et al., 
2000a). According to Meinders et al. (2000), the weld line movement is 
considerably dependent on the strain distribution, specifi cally when the 
blank is stretched perpendicular to the weld line. In addition, Shi et al. (1993) 
showed that the weld line movement toward the stronger parent material 
is a measure of strain localization in the weaker parent metal. Meinders 
et al. (2000) then argued that placing the weld in a region with low strains 
perpendicular to the weld line minimizes the weld line movement.

Although most studies use numerical simulation techniques to predict 
weld line movement, few analytical models are available. Kinsey and Cao 
developed a two-dimensional (2D) sectional model to calculate weld line 
movement and forming height when a uniform binder force is applied 
(Kinsey and Cao, 2003). The results of the model were in good agreement 
with numerical simulations.

10.3.5 Control of weld line movement

The material fl ow adversely affects the formability of the TWB. Some 
researchers have tried to fi nd strategies to control the material fl ow during 
forming of TWB. Some of these are discussed in this section.
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Placement of draw beads can help to control the material fl ow because 
they add local constraints to the TWB. Heo et al. (2001a,b) showed that the 
presence of the draw beads decreases weld line movement. They showed 
that the size and height of the draw beads are also important. Normally, the 
weld line movement decreases as the size and height of the draw beads 
increases.

Control of blank holding force (BHF) is another strategy for controlling 
the weld line movement and obtaining a uniform distribution of the defor-
mation. The main idea is to control the weld line movement by adjusting 
the BHF. A number of researchers have tried to manipulate the BHF so 
that the weld line movement can be controlled. The manipulation can be 
done by segmented blank holders, tooling or other adapted devices. Siegert 
and Knabe designed a die with segmented blank holders in order to increase 
drawing in the forming area from the side of the tailor welded blank with 
the stronger material (Siegert and Knabe, 1995). Hetu and Siegert (2005) 
used a segmented blank holder and a 10-point cushion system to transfer 
the press force onto the blank. Other researchers have worked on modifi ca-
tion of the forming die. Cao and Kinsey patented a method for reduction 
of the weld line movement (Kinsey and Cao, 1999). They used a segmented 
die with local adaptive controllers. A rubber edge, or pad, on the hydraulic 
cylinders prevents the clamping mechanism from deforming the sheet metal 
(Kinsey et al., 1999a,b, 2001).

10.3.6 Post-weld heat treatment

Most metal alloys obtain their mechanical (and other) properties by selec-
tive and careful thermal and mechanical processing. To obtain the fi nal 
properties, largely dominated by the microstructure, the material is heat 
treated or/and cold worked. The cold working (by rolling) reduces the 
failure strain and lowers the forming limits in a FLD, but it increases the 
strength. A similar effect is achieved by heat treatment in the micro-struc-
tural arrangement, characterized for example by small intermetallic parti-
cles, precipitates and grain boundaries. Again, when the strength values are 
increased, the failure strains decrease.

Heat treatment can also be used to increase the formability (to increase 
the failure limits in the FLD). For aluminum alloys, for example, solution 
treatment followed by quenching improves the formability of a wide range 
of different alloys. The particular treatment is unstable, but after forming 
its hardened microstructure is regained by natural ageing. Many other 
alloys can be processed in a similar way: fi rst applying a heat treatment to 
improve its formability and, after forming, another heat treatment to restore 
the original strength values.
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Post-welded heat treatments (PWHT) are applied to improve the proper-
ties of the welds after welding, often aiming for an increase in strength 
values. A number of papers (Feng et al., 2006, Krishnan, 2002), discuss the 
PWHT for FSW of aluminum alloys. The most investigated heat treatment 
and properties are the solution heat treatment followed by quenching and 
ageing and the hardness of the material, respectively. Two things can be 
learned from these researches, fi rst the hardness increased owing to the heat 
treatments and second the property becomes uniform over the weld zone. 
For a better formability, the ageing treatment is applied after the forming 
process to improve formability and retain good formability for the TWB. 
The uniformity of properties over the weld zone could improve its form-
ability, because ‘weak links’ are eliminated.

10.4 Formability prediction for tailor welded blanks

Three major formability prediction techniques and their applications to 
TWB are discussed in this section. The techniques discussed are usually the 
same as the ones used for monolithic sheets. The major difference is that a 
prediction for TWB needs to be done for different materials representing 
different zones of the weld and the base material.

10.4.1 Marciniak–Kuczynski theory

In 1967, Marciniak and Kuczynski (M–K) proposed a new instability condi-
tion based on the initial imperfection approach (Marciniak and Kuczynski, 
1967). In the M–K method, it is assumed that an initial imperfection is 
present in the sheet metal. The imperfection is modeled by a band of 
smaller thickness (Fig. 10.6). The initial imperfection can originate from a 
smaller thickness, a local variation of the strength, or a combination of both. 
The imperfection parameter, f0, is defi ned as
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where K and t stand for strength and thickness, respectively. Subscript b 
denotes the imperfection zone and subscript a denotes the uniform zone. 
The parameters h̄b and h̄a represent the combined effect of the strength and 
thickness of both zones. The imperfection angle must be determined such 
that the limit strains are minimized.

During a biaxial straining process, the imperfection zone deforms more 
than the uniform zone. Therefore, the strain path of the imperfection zone 
is continuously ahead of the strain path of the uniform zone. At a certain 
point when strain localization occurs, the difference between the strain 
paths of the imperfection and uniform zones begins to increase drastically. 
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10.6 Schematic drawing of the Marciniak–Kuczynski model.

In the M–K analyses, the strain paths of the both zones are traced and a 
criterion is used to detect the high degree of discrepancy, which is presumed 
to be an indicator of strain localization. Once strain localization is detected, 
the sheet metal is assumed to have failed.

It is generally assumed that the velocity gradient and Cauchy stress 
tensors are known for the uniform zone and the task is to fi nd the tensors 
in the imperfection zone. The velocity gradient, L, is defi ned as:
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j
i jˆ ˆ  [10.4]

and can be decomposed into a symmetric part, D, which represents rate of 
deformation of the material particle and an anti-symmetric part, W, which 
represents the continuum spin of the material particle, as:

L = D + W [10.5]

The compatibility condition at the interface of the imperfection zone 
requires that:

Lb,ij = La,jj + c.inj, i, j = 1, 2 [10.6]

where nj are the components of the unit normal to the imperfection zone 
and c.i are parameters to be determined during the solution process. Equa-
tion [10.6] can be decomposed into a symmetric part, Dij, and an anti-
symmetric part, Wij, as:

D D c n n c i jij ij i j i jb a, , , , ,= + +( ) =1
2

1 2� �  [10.7]
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Requiring equilibrium of the forces at the interface of the imperfection 
zone, one would obtain the following relationship:

niσb,ijh-b = niσa,ijh-a [10.9]

As the deformation takes place, the orientation of the imperfection zones 
changes according to the following relationship:
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where
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The evolution of imperfection parameter, f, can be described as:

f = f0 exp(εb,33 − εa,33) [10.12]

and Da,33 and Db,33 are specifi ed by the conditions σ.a,33 = σ.b,33 = 0.
A method for the determination of the material imperfection size is to 

fi t the results of the failure/localization analysis to those of the uniaxial 
tensile tests (Chien et al., 2003) or plane strain experiments. The material 
imperfection parameter can be then used to predict failure strains under 
biaxial straining conditions.

Davies et al. (2001) used the M–K technique to predict the FLD of gas 
tungsten arc welded (GTAW) blanks. The welded materials were of differ-
ent thicknesses of aluminium alloys 5182 and 5754. Zadpoor et al. (2009a) 
studied the failure prediction and FEM modeling of the FSW blanks by 
using two different study cases, namely LDH test and the S-rail problem. 
The forming limit diagrams of the different zones within the FSW blanks 
were determined using the M–K theory. The imperfection parameter was 
determined such that the predicted failure strain matched the strain mea-
sured in tensile testing. The determined imperfection parameter was then 
used to predict the forming limits for the whole range of strain ratios. The 
FLDs obtained are presented in Fig. 10.7. One can see that the FLDs of 
HAZ and WN are much lower than that of the base metal (aluminium alloy 
2024-T3). Lee et al. (2009) used the Marciniak–Kuczynski method to deter-
mine the right-hand side of the FLDs of FSW TWB made from aluminum 
(6111-T4, 5083-H18, 5083-O), dual phase steel (DP590) and AZ31 magne-
sium sheets. The imperfection parameter was determined using the failure 
limit at the plane strain condition.
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10.7 FLDs of different zones of a FSW TWB (base metal: aluminum 
alloy 2024-T3) determined by the M–K theory (reprinted from Zadpoor 
et al., 2009, with permission from Elsevier).

10.4.2 Bifurcation methods

Stören and Rice (1975) used the J2 deformation theory instead of conven-
tional fl ow theory to determine the forming limits of sheet metals based on 
the vertex formation assumption. According to this assumption, localized 
necking takes place once a vertex is developed on the subsequent yield 
surface and the bifurcation emerges from the state of uniform deformation. 
The theory was later modifi ed and extended by Zhu et al. (2001) and Chow 
et al. (2003). Chow et al. (2003) have given the failure strains for propor-
tional loading and Hosford’s yield criterion. The Hosford’s yield criterion 
can be expressed as (Chow et al., 2003):

σ σ σ σ σeq =
+( )[ ]

+ + −( )1

190 0
1 90 1 0 2 0 90 1 2

1

R R
R R R Ra

a a a a
 [10.13]

where σeq is the equivalent stress and superscript a is the characteristic 
exponent of the yield function. Chow et al. then give the failure strains at 
the left-hand side of the FLD as:
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and for the failure strains at the right-hand side of the FLD as (Chow et al., 
2003):
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where α and β are, respectively, the stress and strain ratios and fa(α) is 
given as:

f
R R

R R R Ra
a a a

α σ α α( ) = ( )
+( )[ ]
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sgn 1

90 0
1 90 0 0 90

1

1
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Cheng et al. (2007) used the above formulae to determine the failure limits 
of laser-welded AISI 304 steel sheets with different thicknesses of 1.2 mm 
and 1.0 mm (Cheng et al., 2007). The same approach was used by Jie et al. 
(2007) for failure analysis of laser-welded stainless steel (SUS 304a) with a 
thickness ratio of 1.2 mm (thicknesses 1.2 mm and 1.0 mm).

10.4.3 Ductile fracture models

The failure mechanism of some less ductile materials may be different from 
highly ductile sheet metal forming materials such as mild steels and 5000 
and 6000 series automotive aluminum alloys. Examples of these less ductile 
materials are high strength steels, advanced high strength steels and high 
strength aluminum alloys such as precipitation-hardened 2000 and 7000 
series alloys. Ductile fracture may be responsible for the fi nal fracture of 
these materials. Therefore, one needs to use the theoretical approaches 
developed for modeling the ductile fracture mechanism. Ductile fracture 
models can be categorized into two major categories: phenomenological 
models and physical models. While phenomenological models try to predict 
the onset of fracture using a phenomenological function which may or may 
not have a physical interpretation, physical models try to model the actual 
mechanism of void growth and coalescence. Each of the following subsec-
tions deals with one of the modeling approaches.

Phenomenological models

The phenomenological models of ductile fracture predict the onset of frac-
ture based on a macroscopically defi ned damage accumulation variable, D. 
Therefore, the scalar damage variable, D, can be defi ned as:

D = f(σ, ε p) [10.17]

where σ and ε p are the stress and plastic strain tensors, respectively. Dif-
ferent phenomenological models use different forms of the damage evolu-
tion function, f. The damage is assumed to take place once the damage 
variable reaches its critical value, Dc. Many different functions are sug-
gested by various researchers for phenomenological prediction of the onset 
of ductile fracture. Some of the suggested phenomenological models are 
presented and compared with each other by Zadpoor et al. (2009b).
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An example of the application of the phenomenological models to failure 
prediction of TWB is the work by Kim et al. (2004) where the Oyane’s 
criterion was used to predict the bursting failure of a tailor welded tube 
made by high frequency electric resistance welding (HF-ERW) of rolled 
steel. The Oyane’s criterion can be expressed as:
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0

2
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where σm and σeq are the mean and equivalent stresses, respectively, and 
C1 and C2 are material-dependent parameters. They realistically concluded 
that, for the tube studied, the fracture initiates in the HAZ.

A different approach to phenomenological modelling of ductile fracture 
is the use of continuum damage models that work with a damage tensor, 
D, to account for the progressive development of damage in TWB. For 
example, Chan et al. (2005c) used an anisotropic damage model and damage 
criterion for analysis of local necking in a laser-welded steel TWB. The 
elected materials were JIS G3141 steel sheet with thickness ratios of 1.25 
(1 mm and 0.8 mm). The damage model was mainly based on the work of 
Chow and his co-workers (Chow and Wang, 1987; Chow and Wei, 1991a,b; 
Chow et al., 1997, 2001a, 2001b). The method, which is mainly represented 
in Chow et al. (1997, 2001b), considers all three phases of non-uniform 
deformation in a unifi ed approach. The method was originally developed 
for proportional loading (Chow et al., 1997) and was improved to include 
the effects of non-proportional loading (Chow et al., 2001b). The improved 
model can account for the strain-path dependency of the forming limit 
diagram.

Physical models of ductile fracture

Physical models of ductile fracture work directly with nucleation, growth 
and coalescence of voids. They are also known as Gurson type models 
(Gurson, 1977). The von Mises yield function is modifi ed to account for the 
presence and evolution of voids. The modifi ed yield function can be stated 
as follows (Tvergaard, 1987):
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where σeq, σH, and σy are, respectively, the effective Mises stress, hydrostatic 
pressure and yield stress of the fully dense matrix material. The parameter 
fvoid is the ratio of the volume of voids to the total volume of the material 
and is called the void volume fraction. Three remaining parameters, namely 
α̃ , β̃ and γ̃ , are experimentally determined material parameters. It is 
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assumed that there is an initial population of voids in the material that is 
represented by the initial void volume fraction, fvoid,0. As the material 
deforms, voids nucleate, grow and coalesce, resulting in contraction of the 
yield locus. The evolution, of the void volume fraction is due to two con-
tributing phenomena, namely void growth and void nucleation. Therefore, 
the time derivative of the void volume fraction can be calculated as:

f
.
void = f

.
void,gr + f

.
void,nucl [10.20]

where subscripts ‘gr’ and ‘nucl’ stand for void growth and void nucleation, 
respectively. Based on the mass conservation law, the change in the void 
volume fraction due to void growth can be described as:

f
.
void,gr = (1 − fvoid)ε. p : I [10.21]

where I is the identity matrix. The void nucleation dynamics is governed 
by the relationship:
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In Equation [10.23], it is assumed that the nucleation strain is normally 
distributed within the material with a mean value of εN and a standard 
deviation of sN. The volume fraction of nucleated voids is denoted by fvoid,N. 
Voids are assumed to nucleate only in tension.

The constitutive equations discussed above are used for modeling TWB 
during the forming process. A failure criterion is also needed to detect the 
failure during the forming process. The yield function needs to be modifi ed 
such that the effects of void evolution and the resulting loss of the stress 
carrying capacity are taken into account. The yield function can be then 
rewritten as:
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where the effective void volume fraction, f*void, is defi ned as a function of 
the void volume fraction, fvoid, as follows:
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where

fvoid f, =
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α α 2 γ
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 [10.26]

The critical void volume fraction, fvoid,c, is the void volume fraction at 
which the loss of stress carrying capacity starts. The material continues to 
lose its stress carrying capacity until the void volume fraction reaches the 
failure void volume fraction, fvoid,f, at which point the material fails. The 
Gurson-type constitutive equations are often combined with Marciniak–
Kuczynski or bifurcation models to predict the bifurcation localization 
which is often assumed to be responsible for failure. Bayley and Pilkey 
combined the Gurson-type constitutive equations with a bifurcation crite-
rion to study the infl uence of welding effects on the localization behavior 
and predict weld line failures of an aluminum TWB made from AA5754-O 
sheets (2.1 and 1.6 mm) (Bayley and Pilkey, 2005, 2006). The sheets were 
butt welded together by non-vacuum electron beam welding. Chien et al. 
(2003) combined Gurson-type constitutive equations with Marciniak–Kuc-
zynski theory to predict the failure of a laser-welded aluminum (AA5754) 
TWB.

10.5 Concluding remarks

The overall fi ndings of this chapter can be summarized in a small number 
of statements:

• The potential benefi ts of TWB are widely accepted and the area of 
application will increase further in the next decades.

• The weld lines in TWB usually have a negative impact on the formability 
of these blanks.

• Good understanding, proper designs and appropriate manufacturing 
techniques may reduce the decrease in formability.

• The microstructure and mechanical properties of TWB are heteroge-
neously distributed, hence requiring more advanced methods of mate-
rial characterization.

• In the design of TWB parts, the position and movement of the weld lines 
requires special attention.

• Post-weld heat treatment and other innovative post-weld processing 
techniques can help to improve the formability of TWB.

• The failure of TWB can be predicted using the same theories as for 
monolithic sheets. However, the calculations should be done for more 
than one single material as TWB are composed of different zones with 
different forming limits.
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10.6 Future trends

Predicting future trends is subjective. The reader may have other thoughts 
or visions. Nevertheless, in this paragraph some ideas for the mid-term 
future are briefl y discussed.

First, it is expected that the application of TWB will expand. When the 
experience increases and more problems are solved, the market for the 
concept will increase too. In addition, new tailored blank types, markets and 
applications will emerge.

In this chapter, no attention was paid to elastic phenomena like spring 
back and residual stresses. But, accurate prediction of the spring back 
behavior is an important and challenging problem, a problem that must be 
tackled to improve the quality of products. At the same time, more atten-
tion should be given to residual stresses after forming. For TWB these 
internal stresses are higher and located in areas of minimum formability.

The movement of the weld lines and the control of the weld line move-
ment remains a topic for the future. When TWB become more complex, by 
adding more materials in one sheet, more thickness variations, and so on, 
the more complex will be the weld line orientations. This means that it 
becomes less easy to control the weld lines and to design good controllable 
weld line orientations.

This chapter is restricted to tailor welded blanks; however, the concept 
of tailor made blanks (TMB) is wider. As well as TWB, they include blanks 
with various thicknesses, made by (chemical) machining, or composed of 
different layers: metal laminates. These TMB are more suitable for small 
product series. The local thickness variations and bonding can be performed 
economically only on a small scale. The car industry with its large output 
may not benefi t from these advances, unless the market becomes more and 
more customer driven.

Other production processes are involved for TMB, processes operating 
with rigid and soft tools (like rubber forming, hydro forming, etc.) that are 
very interesting for forming TMB with different thicknesses. The soft tool 
adapts easily and no additional effort is required to accommodate the thick-
ness steps. These tailor made blanks, the markets and their series numbers, 
will increase the overall application of TMB and TWB and broaden the 
fi eld of applications signifi cantly.

10.7 Sources of further information and advice

The literature on TWB is vast and cannot be covered in its entirety. The 
interested reader is advised to browse through the issues of related journals 
such as Journal of Materials Processing Technology, Materials Science and 
Engineering A, Metallurgical and Materials Transactions A and Journal of 
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Engineering Materials and Technology (Transactions of the ASME). The 
Auto Steel Partnership has published a number of reports on the different 
aspects of design and analysis of TWB, which can be freely downloaded 
from their website (http://www.a-sp.org/publications.htm) (Team, 1995a,b, 
1999, 2001) A review paper by the present authors explores the mechanics 
of TWB and can be consulted for some additional details that are not 
covered in this chapter (Zadpoor et al., 2007). A volume edited by Kinsey 
and Wu tentatively entitled Tailor welded blanks for advanced manufactur-
ing is expected to be published by Woodhead Publishing and should cover 
many more TWB topics.

10.8 Acknowledgements

Most of the research was carried out under project number MC1.05224 in 
the framework of the Strategic Research Programme of the Materials Inno-
vation Institute M2i (www.m2i.nl), the former Netherlands Institute for 
Metals Research.

10.9 References

bayley, c. j. and pilkey, a. k. (2005). ‘Infl uence of welding defects on the localization 
behaviour of an aluminum alloy tailor-welded blank’, Materials Science and Engi-
neering A, 403, 1–10.

bayley, c. j. and pilkey, a. k. (2006). ‘A bifurcation criterion for predicting weld-line 
failures in AA5754 alloy tailor-welded blanks’, Materials Science and Engineering: 
A, 435–6, 62–70.

chan, l. c., chan, s. m., cheng, c. h. and lee, t. c. (2005a). ‘Formability and weld zone 
analysis of tailor-welded blanks for various thickness ratios’, Journal of Engineer-
ing Materials and Technology-Transactions of the ASME, 127, 179–85.

chan, l. c., cheng, c. h., chan, s. m., lee, t. c. and chow, c. l. (2005b). ‘Formability 
analysis of tailor-welded blanks of different thickness ratios’, Journal of Manu-
facturing Science and Engineering-Transactions of the ASME, 127, 743–51.

chan, l. c., cheng, c. h., jie, m. and chow, c. l. (2005c). ‘Damage-based formability 
analysis for TWB’, International Journal of Damage Mechanics, 14, 83–96.

chan, s. m., chan, l. c. and lee, t. c. (2003). ‘Tailor-welded blanks of different thick-
ness ratios effects on forming limit diagrams’, Journal of Materials Processing 
Technology, 132, 95–101.

cheng, c. h., chan, l. c., chow, c. l. and lee, t. c. (2005a). ‘Experimental investigation 
on the weldability and forming behavior of aluminum alloy tailor-welded blanks’, 
Journal of Laser Applications, 17, 81–8.

cheng, c. h., chan, l. c., tang, c. y. and chow, c. l. (2005b). ‘Determination of true 
stress-strain curve for the weldment of aluminum laser-welded blanks’, Journal 
of Laser Applications, 17, 159–70.

cheng, c. h., jie, m., chan, l. c. and chow, c. l. (2007). ‘True stress–strain analysis on 
weldment of heterogeneous tailor-welded blanks – a novel approach for forming 
simulation’, International Journal of Mechanical Sciences, 49, 217–29.

�� �� �� �� ��



 Weld metal ductility and its infl uence on tailor welded blanks 285

© Woodhead Publishing Limited, 2010

chien, w. y., pan, j. and friedman, p. a. (2003). ‘Failure prediction of aluminum laser-
welded blanks’, International Journal of Damage Mechanics, 12, 193–223.

chow, c. l. and wang, j. (1987). ‘An anisotropic theory of continuum damage 
mechanics for ductile fracture’, Engineering Fracture Mechanics, 27, 547–58.

chow, c. l. and wei, y. (1991a). ‘A damage mechanics model of fatigue crack 
initiation in notched plates’, Theoretical and Applied Fracture Mechanics, 16, 
123–33.

chow, c. l. and wei, y. (1991b). ‘A model of continuum damage mechanics for fatigue 
failure’, International Journal of Fracture, 50, 301–16.

chow, c. l., yu, l. g. and demeri, m. y. (1997). ‘A unifi ed damage approach for pre-
dicting forming limit diagrams’, Journal of Engineering Materials and Technology 
– Transactions of the ASME, 119, 346–53.

chow, c. l., yang, x. j. and chu, e. (2001a). ‘Effect of principal damage plane rotation 
on anisotropic damage plastic model’, International Journal of Damage Mechan-
ics, 10, 43–55.

chow, c. l., yu, l. g., tai, w. h. and demeri, m. y. (2001b). ‘Prediction of forming limit 
diagrams for AL6111-T4 under non-proportional loading’, International Journal 
of Mechanical Sciences, 43, 471–86.

chow, c. l., jie, m. and hu, s. j. (2003). ‘Forming limit analysis of sheet metals based 
on a generalized deformation theory’, Journal of Engineering Materials and Tech-
nology – Transactions of the ASME, 125, 260–5.

davies, r. w., oliver, h. e., smith, m. t. and grant, g. j. (1999). ‘Characterizing Al 
tailor-welded blanks for automotive applications’, JOM, 51, 46–50.

davies, r. w., smith, m. t., khaleel, m. a., pitman, s. g. and oliver, h. e. (2000). ‘Weld 
metal ductility in aluminum tailor welded blanks’, Metallurgical and Materials 
Transactions A, 31A, 2755–63.

davies, r. w., grant, g. j., khaleel, m. a., smith, m. t. and oliver, h. e. (2001). ‘Form-
ing-limit diagrams of aluminum tailor-welded blank weld material’, Metallurgical 
and Materials Transactions A, 32A, 275–83.

feng, j. c., chenand, y. c. and liu, h. j. (2006). ‘Effects of post-weld heat treatment 
on microstructure and mechanical properties of friction stir welded joints of 
2219-O aluminium alloy’, Materials Science and Technology, 22, 86–90.

friedman, p. a. and kridli, g. t. (2000). ‘Microstructural and mechanical investigation 
of aluminum tailor-welded blanks’, Journal of Materials Engineering and Perfor-
mance, 9, 541–51.

gedney, r. (2002). ‘Sheet metal formability’, Advanced Materials and Processes, 160, 
33–6.

genevois, c., deschamps, a., denquin, a. and doisneau-cottignies, b. (2005). ‘Quan-
titative investigation of precipitation and mechanical behaviour for AA2024 fric-
tion stir welds’, Acta Materialia, 53, 2447–58.

genevois, c., deschamps, a. and vacher, p. (2006). ‘Comparative study on local and 
global mechanical properties of 2024 T351, 2024 T6 and 5251 O friction stir welds’, 
Materials Science and Engineering A, 415, 162–70.

ghoo, b. y., keum, y. t. and kim, y. s. (2001a). ‘Evaluation of the mechanical proper-
ties of welded metal in tailored steel sheet welded by CO2 laser’, Journal of 
Materials Processing Technology, 113, 692–8.

ghoo, b. y., park, s. w. and keum, y. t. (2001b). ‘New forming limit diagram of 
laser tailored blank’, Journal of Strain Analysis for Engineering Design, 36, 143–
52.

�� �� �� �� ��



286 Failure mechanisms of advanced welding processes

© Woodhead Publishing Limited, 2010

gurson, a. l. (1977). ‘Continuum theory of ductile rupture by void nucleation and 
growth, 1. Yield criteria and fl ow rules for porous ductile media’, Journal of Engi-
neering Materials and Technology – Transactions of the ASME, 99, 2–15.

hatamleh, o. (2008). ‘Effects of peening on mechanical properties in friction stir 
welded 2195 aluminum alloy joints’, Materials Science and Engineering A, 492, 
168–76.

heo, y., choi, y., kim, h. y. and seo, d. (2001a). ‘Characteristics of weld line movements 
for the deep drawing with drawbeads of tailor-welded blanks’, Journal of Materi-
als Processing Technology, 111, 164–9.

heo, y. m., wang, s. h., kim, h. y. and seo, d. g. (2001b). ‘The effect of the drawbead 
dimensions on the weld-line movements in the deep drawing of tailor-welded 
blanks’, Journal of Materials Processing Technology, 113, 686–91.

hetu, l. and siegert, k. (2005). ‘Hydromechanical deep drawing of tailor welded 
blanks’, Steel Research International, 76, 857–65.

jie, m., cheng, c. h., chow, c. l. and chan, l. c. (2007). ‘Limit dome height and failure 
location of stainless steel tailor-welded blanks’, Proceedings of the Institution of 
Mechanical Engineers Part C-Journal of Mechanical Engineering Science, 221, 
1497–506.

kampus, z. and balic, j. (2003). ‘Deep drawing of tailored blanks without a blank-
holder’, Journal of Materials Processing Technology, 133, 128–33.

kang, s. s., min, k. b. and kim, k. s. (2000). ‘A study on resistance welding in steel 
sheets using a tailor-welded blank. I. Evaluation of upset weldability and form-
ability’, Journal of Materials Processing Technology, 101, 186–92.

kim, y. and park, k. (1994). ‘A plane-strain punch stretching test for evaluating stamp-
ing formability of steel sheets’, Metallurgical and Materials Transactions A, 25, 
2199–205.

kim, j. o., suh, j., han, y. h. and kim, h. y. (1996). ‘Laser beam welding and formability 
of steel plate for automobile’, Transactions of the Korea Society of Automotive 
Engineers, 4, 56–69.

kim, j., kim, y.-w., kang, b.-s. and hwang, s.-m. (2004). ‘Finite element analysis for 
bursting failure prediction in bulge forming of a seamed tube’, Finite Elements in 
Analysis and Design, 40, 953–66.

kinsey, b. l. and cao, j. (1999). ‘Adaptive method and apparatus for forming tailor 
welded blanks’, Northern University, USA. US Patent 5941110, 24 August 1999.

kinsey, b. l. and cao, j. (2003). ‘An analytical model for tailor welded blank forming’, 
Journal of Manufacturing Science and Engineering – Transactions of the ASME, 
125, 344–51.

kinsey, b., liu, z. and cao, j. (1999a). ‘New apparatus and method for forming tailor 
welded blanks’, SAE Transactions: Journal of Materials and Manufacturing, 108, 
653–60.

kinsey, b., song, n. and cao, j. (1999b). ‘Analysis of clamping mechanism for tailor 
welded blank forming’, SAE Transactions: Journal of Materials and Manufactur-
ing, 108, 1062–8.

kinsey, b., viswanathan, v. and cao, j. (2001). ‘Forming of aluminum tailor welded 
blanks’, Society of Automotive Engineers, SAE Transactions: Journal of Materials 
& Manufacturing, 110, 673–9.

kinsey, b., krishnan, n. and cao, j. (2004). ‘A methodology to reduce and quantify 
wrinkling in tailor welded blank forming’, International Journal of Materials and 
Product Technology, 21, 154–68.

�� �� �� �� ��



 Weld metal ductility and its infl uence on tailor welded blanks 287

© Woodhead Publishing Limited, 2010

krishnan, k. n. (2002). ‘The effect of post weld heat treatment on the properties of 
6061 friction stir welded joints’, Journal of Materials Science, 37, 473–80.

lee, w., chung, k.-h., kim, d., kim, j., kim, c., okamoto, k., wagoner, r. h. and chung, 
k. (2009). ‘Experimental and numerical study on formability of friction stir welded 
TWB sheets based on hemispherical dome stretch tests’, International Journal of 
Plasticity, 25, 1626–54.

liu, s. and chao, y. j. (2005). ‘Determination of global mechanical response of fric-
tion stir welded plates using local constitutive properties’, Modelling and Simula-
tion in Materials Science and Engineering, 13, 1–15.

lockwood, w. d. and reynolds, a. p. (2003). ‘Simulation of the global response of a 
friction stir weld using local constitutive behavior’, Materials Science and Engi-
neering A, 339, 35–42.

marciniak, z. and kuczynski, k. (1967). ‘Limit strains in the process of stretch-
forming sheet metal’, International Journal of Mechanical Sciences, 9, 609–20.

meinders, t., van den berg, a. and huetink, j. (2000). ‘Deep drawing simulations of 
tailored blanks and experimental verifi cation’, Journal of Materials Processing 
Technology, 103, 65–73.

miles, m. p., decker, b. j. and nelson, t. w. (2004). ‘Formability and strength of 
friction-stir-welded aluminum sheets’, Metallurgical and Materials Transactions A, 
35A, 3461–8.

min, k. b. and kang, s. s. (2000). ‘A study on resistance welding in steel sheets for 
tailor welded blank. Evaluation of fl ash weldability and formability. II’, Journal 
of Materials Processing Technology, 103, 218–24.

mishra, r. s. and ma, z. y. (2005). ‘Friction stir welding and processing’, Materials 
Science and Engineering R-Reports, 50, 1–78.

montgomery, a., wild, p. and clapham, l. (2004). ‘Defect characterisation using 
magnetic fl ux leakage inspection of tailor-welded blanks’, Insight, 46, 260–
4.

pastor, m., zhao, h., martukanitz, r. p. and debroy, t. (1999). ‘Porosity, underfi ll and 
magnesium loss during continuous wave Nd : YAG laser welding of thin plates of 
aluminum alloys 5182 and 5754’, Welding Journal, 78, 207s–16s.

rooks, b. (2001). ‘Tailor-welded blanks bring multiple benefi ts to car design’, Assem-
bly Automation, 21, 323–8.

sato, y. s., sugiura, y., shoji, y., park, s. h. c., kokawa, h. and ikeda, k. (2004). ‘Post-
weld formability of friction stir welded Al alloy 5052’, Materials Science and 
Engineering A, 369, 138–43.

seo, d., choi, y., heo, y. and kim, h. y. (2000a). ‘Investigations of weld-line movements 
for the deep drawing process of tailor welded blanks’, Journal of Materials Pro-
cessing Technology, 108, 1–7.

seo, d., kim, h., heo, y., kim, n. and kim, h. y. (2000b). ‘Forming and drawing charac-
teristics of tailor welded sheets in a circular drawbead’, Journal of Materials 
Processing Technology, 105, 294–301.

shakeri, h. r., buste, a., worswick, m. j., clarke, j. a., feng, f., jain, m. and fi nn, m. 
(2002). ‘Study of damage initiation and fracture in aluminum tailor welded blanks 
made via different welding techniques’, Journal of Light Metals, 2, 95–110.

shi, m. f., pickett, k. m. and bhatt, k. k. (1993). ‘Formability issues in the application 
of tailor welded blank sheets’, Sheet Metal and Stamping Symposium, Detroit, 
Michigan, Society of Automotive Engineers, 400 Commonwealth Dr, Warrendale, 
Pennsylvania 15096-0001, USA.

�� �� �� �� ��



288 Failure mechanisms of advanced welding processes

© Woodhead Publishing Limited, 2010

siegert, k. and knabe, e. (1995). ‘Fundamental research and draw die concepts for 
deep drawing of tailored blanks’, SAE Transactions: Journal of Materials and 
Manufacturing, 104, 866–76.

stören, s. and rice, j. r. (1975). ‘Localized necking in thin sheets’, Journal of the 
Mechanics and Physics of Solids, 23, 421–41.

sutton, m. a., yang, b., reynolds, a. p. and yan, j. (2004). ‘Banded microstructure in 
2024-T351 and 2524-T351 aluminum friction stir welds: Part II. Mechanical char-
acterization’, Materials Science and Engineering A, 364, 66–74.

team, t. w. b. p. (1995a). Tailor Welded Blank Acceptance Guidelines. Auto-Steel 
Partnership, Southfi eld, MI, USA.

team, t. w. b. p. (1995b). Tailor Welded Blank Design and Manufacturing Manual. 
Auto-Steel Partnership, Southfi eld, MI, USA.

team, t. w. b. p. (1999). The Identifi cation and Analysis of Intangible Benefi ts of 
Tailor Welded Blank Applications. Auto-Steel Partnership, Southfi eld, MI, USA.

team, t. w. b. p. (2001). Tailor Welded Blank Applications and Manufacturing – A 
State of the Art Survey. Auto-Steel Partnership, Southfi eld, MI, USA.

tomberg r. (2007). ‘Tailored plaatdelen-vervullen droomwensen automobielindust-
rie’. Metaalmagazine, 8, 34–5.

tvergaard, v. (1987). ‘Effect of yield surface curvature and void nucleation on 
plastic fl ow localization’, Journal of the Mechanics and Physics of Solids, 35, 43–60.

venkat, s., albright, c. e., ramasamy, s. and hurley, j. p. (1997). ‘CO2 laser beam 
welding of aluminum 5754-O and 6111-T4 alloys’, Welding Journal, 76, S275–82.

wagoner, r. h., chan, k. s. and keeler, s. p. (eds) (1989). Forming Limit Diagrams: 
Concepts, Methods, and Applications, TMS, Warrendale.

wild, p. m., abdullah, k., jeswiet, j. j. and ghasempoor, a. (2001). ‘Tensile testing 
for weld deformation properties in similar gage tailor welded blanks using the 
rule of mixtures’, Journal of Materials Processing Technology, 112, 91–7.

wu, n. q., xia, c., li, m., perrusquia, n. and mao, s. x. (2004). ‘Interfacial structure 
and micro and nano-mechanical behavior of laser-welded 6061 aluminum alloy 
blank’, Journal of Engineering Materials and Technology – Transactions of the 
ASME, 126, 8–13.

zadpoor, a. a., sinke, j. and benedictus, r. (2007). ‘Mechanics of tailor-welded 
blanks: an overview’, Key Engineering Materials, 344, 373–82.

zadpoor, a. a., sinke, j. and benedictus, r. (2008). ‘The mechanical properties and 
microstructure of friction stir welded tailor-made blanks’, Materials Science and 
Engineering A, 494, 281–90.

zadpoor, a. a., sinke, j. and benedictus, r. (2009a). ‘Finite element modeling and 
failure prediction of friction stir welded blanks’, Materials and Design, 30, 
1423–34.

zadpoor, a. a., sinke, j. and benedictus, r. (2009b). ‘Formability prediction of high 
strength aluminum sheets’, International Journal of Plasticity.

zhao, h., white, d. r. and debroy, t. (1999). ‘Current issues and problems in laser 
welding of automotive aluminium alloys’, International Materials Reviews, 44, 
238–66.

zhao, k. m., chun, b. k. and lee, j. k. (2001). ‘Finite element analysis of tailor-welded 
blanks’, Finite Elements in Analysis and Design, 37, 117–30.

zhu, x. h., weinmann, k. and chandra, a. (2001). ‘A unifi ed bifurcation analysis of 
sheet metal forming limits’, Journal of Engineering Materials and Technology – 
Transactions of the ASME, 123, 329–33.

�� �� �� �� ��



© Woodhead Publishing Limited, 2010

289

11
Joining lightweight materials using 

reactive nanofoils

X. S U N, Pacifi c Northwest National Laboratory, USA

Abstract: In this chapter, we present the strength and failure modes of 
reactive NanoFoil® bonded joints for similar and dissimilar lightweight 
materials. First, solder and braze joints for similar and dissimilar material 
combinations of steel, aluminum and magnesium are fabricated. Static 
bond strength tests under tensile shear loading condition are then 
performed to quantify the bond strength for different material 
combinations. The through-thickness microstructure changes and 
modifi cations by the bonding process are quantifi ed using SEM. 
Depending on the base material combinations, it is shown that the 
nanofoil bond strength is comparable to those of the conventional 
structural adhesive bonds.

Key words: adhesive failure, bonding, bond strength, cohesive failure, 
energy absorption, nanoscale layers, reactive NanoFoil.®

11.1 Introduction

Advanced joining technology remains the key enabler for original equip-
ment manufacturers to implement new materials for lightweight designs. 
Currently, fusion welding, resistance spot welding and adhesive bonding are 
the main joining technologies being used in the automotive production 
environment. While proven to be reliable in joining conventional materials, 
these methods present different challenges in joining similar and dissimilar 
advanced lightweight materials such as advanced high strength steel 
(AHSS), aluminum and magnesium. For example, the high heat input of 
fusion welding tends to destroy the designed microstructures of AHSS, 
rendering less than desirable joint properties and performance.

In this chapter, we present the performance data of an alternative bonding 
technology, namely, reactive NanoFoil® bonding, for joining automotive 
related lightweight materials. NanoFoil® is a multi-layer foil typically fabri-
cated through the growth of thousands of nano-scale layers of two or more 
materials by vapor deposition.1–3 Initiated by an energy impulse, an exo-
thermic reaction occurs in which the like-like bonds of the atoms of each 
layer in the foil are exchanged for the more stable unlike bonds between 
atoms from neighboring layers driven by a reduction in the atomic bond 
energy. As the atoms of each layer mix, heat is generated, creating a 
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self-sustaining reaction traveling along the length of the foil, see Fig. 11.1. 
Joining applications using this technique can include and range to the fol-
lowing materials and their combinations: steel, aluminum, magnesium and 
titanium.1–3 In this chapter, we focus on the bond strength and failure mode 
evaluations of nanofoil bonded steel, aluminum and magnesium. In addi-
tion, a bond strength comparison with conventional structural adhesive will 
also be presented.

This type of self-propagating high-temperature synthesis (SHS) process 
was fi rst reported by Russian scientists in the 1960s in Ti and B powder 
compacts.4 It was found that the formation of TiB2 from Ti and B powders 
produced heat fast enough to propagate across the powder compact. The 
process was later explored in joining materials and in near-net shape pro-
duction of hard materials. However, since the characteristic diffusion dis-
tance for achieving full particle mixing is controlled by particle size and 
voids between powder particles, fully self-driven synthesis of powders was 
often diffi cult to achieve.

In order to control the diffusion distance between different reactants, 
fully dense multilayer nanofoils can now be fabricated through modern thin 
fi lm deposition techniques. The individual layers in a reactive foil are usually 
on the scale of tens of nanometers and the total number of layers for the 
nanofoil can be controlled during fabrication, allowing signifi cant control 
over the heat generation properties of the foil.1–3 As such, reactive multi-
layer nanofoils can be used as an accurate, localized and self-propagating 
heat source to melt solder or braze layers in bonding different materials 
without compromising the properties/integrities of the base metal.

Because reactive NanoFoil® joining is a new and emerging joining tech-
nology, bond strength and failure modes in comparison with the conven-

Propagation direction

Reacted foil Reaction zone Unreacted foil

Ignition

Thermal

diffusion

Atomic

diffusion

11.1 Schematic illustration of the NanoFoil reaction upon ignition.1
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tional joining techniques need to be established. This information, together 
with the cost analyses and cycle time studies, will provide designers 
and manufacturing engineers with the necessary input to determine the 
feasibility of further applying this emerging technology in a production 
environment.5

11.2 Joint population defi nition and fabrication

In order to provide an objective evaluation of bond strength between 
similar and dissimilar lightweight metals bonds, the following material com-
binations, that is joint populations, are presented in this chapter:

• 1.4-mm SAE1008/1.4-mm SAE1008 solder joint
• 2-mm AA5182-O/2-mm AA5182-O solder joint
• 2-mm AA5182-O/2-mm AA5182-O braze joint
• 2-mm AA5182-O/2-mm AZ31 solder joint.

For each joint population, both non-destructive and destructive bond 
evaluations are performed to quantify the joint quality in terms of percent-
age of bonded area, bond strength and failure modes. The tensile shear 
sample size used in this study is 2″ × 4″ (5.1 × 10.2 cm) with a bonded area 
of 2″ × 2″ (5.1 × 5.1 cm). Comparisons with conventional adhesive bonded 
joints are also made.

11.3 Results

11.3.1 1.4-mm SAE1008/1.4-mm SAE1008 solder joint

First, a 96.5Sn–3.5Ag solder material is pre-applied to the bond surfaces on 
a hot plate using fl ux. Next, a thin layer of reactive NanoFoil®, slightly larger 
than the size of the bonded area, is sandwiched between the two bond 
surfaces. An energy impulse is then applied at one corner of the NanoFoil® 
by sparking it with a low voltage DC power supply. This method of ignition 
is used for all the joint populations presented in this chapter. The heat 
generated by the exothermic reaction of the NanoFoil® self-propagates over 
the entire bond area, melts the solder material on both sides and forms the 
bond. All the NanoFoil® used in this chapter is produced by Reactive Nano 
Technology (RNT) in Hunt Valley, Maryland, USA.

After the bonding process is completed, the bonded region is scanned to 
ensure bond quality. Figure 11.2 shows the typical scanned image of the 
bonded region for the 1.4-mm SAE1008/1.4-mm SAE1008 solder joint. The 
very dark areas correspond to cracks in the NanoFoil® that have been fi lled 
up with solder. Only the very bright white areas correspond to voids. The 
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11.2 Scanned image of the bonded area of 1.4-mm SAE1008/1.4-mm 
SAE1008 solder joint.

bond scan here shows that bonded regions cover more than 99% of the 
entire surface. Therefore, good quality bonds have been achieved.

A quasi-static bond strength test is performed next by subjecting the 
bonded sample to tensile shear loading in a servo-hydraulic test frame. Ten 
samples are tested to examine the strength variation within this joint popu-
lation. Figure 11.3(a) and (b) show the typical load versus displacement 
curve and failure mode for the 1.4-mm SAE1008 to 1.4-mm SAE1008 
solder joint. Obviously, very high bond strength has been achieved since 
tensile shear failure for all the samples occurred in the base material. Table 
11.1 tabulates the peak load, total displacement and energy absorption of 
each sample tested. Taking the averaged peak load from these tests and 
dividing it by the bonded area, it is determined that the nominal bond 
strength is in excess of 10.6 MPa.

Figure 11.3(c) shows the microstructure of the joint cross-section with 
different elements illustrated as lines in the scanning electron microscopy 
(SEM) image. Clearly, the solder (light grey) region is made of Sn and Ag 
and the central (dark grey) part represents the nanofoil layer with equal 
composition ratio of nickel and aluminum, indicating that the fi nal reaction 
product is AlNi.

Since thicker foils can produce more heat upon reaction, Wang et al.1 
demonstrated that bond strength can be signifi cantly improved by increas-
ing the nanofoil thickness from 23 µm to 40 µm. They also showed that 
further increases in the foil thickness do not affect the shear strength of the 
stainless steel joints, which is approximately constant with an average value 
of 48 ± 3 MPa, for foil thicknesses ranging from 40 µm to 180 µm. It should 
be mentioned that the tensile shear strength of nanofoil bonds will also 
depend on many other factors such as the solder material used and sample 
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11.3 Typical bond strength test results for the solder joint of 1.4-mm 
SAE 1008/1.4-mm SAE 1008: (a) load versus displacement curve; 
(b) failure mode; (c) SEM cross-section of the joint area.
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surface preparation. Here we note that the strength for the nanofoil bonded 
populations presented in this chapter for the various material combinations 
is not optimized.

11.3.2 2-mm AA5182-O/2-mm AA5182-O solder joint

Following similar bonding procedures described above, 2-mm AA5182-O 
is bonded with 2-mm AA5182-O with solder material 96.5Sn–3.5Ag. The 
solder material is pre-applied to sample surfaces on a hot plate using 
mechanical agitation. Again, NanoFoil® is used as the heat source for the 
actual bonding process. Figure 11.4 shows the typical scanned image of the 
solder joint with the percentage of the bonded region to be around 99.6%. 
Five tensile shear samples are made and good bond quality has been 
obtained with respect to the coverage area.

Figure 11.5(a) and (b) show the typical load versus displacement curve 
and failure mode for the 2-mm AA5182-O/2-mm AA5182-O solder joint. 
Cohesive failure at the bond surface and sample bending are consistently 
observed for all the samples tested, indicating that relatively good energy 
absorption is provided by the solder joint during tensile shear loading. Table 
11.2 lists the peak load, total displacement to failure and energy absorption 
level for all the fi ve samples tested in the population. Test results in Table 
11.2 indicate that there are relatively large variations in peak load and total 
displacement, leading to large variations in total energy absorption by the 
solder joints. The nominal bond strength is calculated to be from 6.3 MPa 
to 9.5 MPa.

Figure 11.5(c) shows the SEM cross-section of the bonded region after 
the tensile shear test. A rugged fracture surface in the solder material is 

Table 11.1 Peak load, total displacement and energy absorption of the SAE1008 
solder joints

Sample no. Material description
Peak load
(N)

Total displacement
(mm)

Energy
(J)

B-336-SSS-1 Steel to steel, solder 26 167.3 24.21 358.4
B-336-SSS-2 Steel to steel, solder 25 241.8 19.69 285.6
B-336-SSS-3 Steel to steel, solder 26 442.0 26.96 374.4
B-336-SSS-4 Steel to steel, solder 25 218.4 19.90 268.7
B-336-SSS-5 Steel to steel, solder 25 263.0 13.99 203.1
B-336-SSS-6 Steel to steel, solder 26 328.1 27.12 363.0
B-336-SSS-7 Steel to steel, solder 25 924.5 16.05 250.4
B-336-SSS-8 Steel to steel, solder 26 493.2 28.05 378.4
B-336-SSS-9 Steel to steel, solder 25 538.4 14.12 207.0
B-336-SSS-10 Steel to steel, solder 26 341.5 26.98 375.5
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11.4 Scanned image of the bonded area of 2-mm AA5182-O/2-mm 
AA5182O solder joint.

observed in the SEM caused by the cohesive failure mode. It is interesting 
to note that most of the Ag element in the solder material is segregated to 
the edge of the solder interfacing with the AA5182-O substrate. In addition, 
some acicular Ag needles are also observed in the solder material in 
Fig. 11.5(c).

11.3.3 2-mm AA5182-O/2-mm AA5182-O braze joint

For this braze joint population, the AA5182-O samples are metalized with 
95Ni–5Al via a thermal spray (wire arc spray). The NanoFoil® is coated with 
thin Ag alloy braze (61.5Ag–23.5Cu–15In) layers. During the bonding 
process, the braze material is melted by the heat generated by the Nano-
Foil,® then sticks to the Ni coating, which does not melt during the bonding 
process. Figure 11.6 shows the typical scanned image of the braze joint in 
which about 98% of the area appears to be bonded. Good bond quality has 
been obtained with respect to the percentage of bonded area.

Again, fi ve samples are bonded and tested in this population and Fig. 
11.7(a) and (b) show the typical load versus displacement curve and failure 
mode for the 2-mm AA5182-O/2-mm AA5182-O braze joint. A cohesive 
failure at bond surface is consistently observed for all the samples tested, 
and all the failed samples show bending deformation, indicating ductile 
bond failure with good energy absorption capability. Table 11.3 lists the 
peak load, total displacement to failure and energy absorption level for all 
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11.5 Typical bond strength test results for the solder joint of 2-mm 
AA5182-O/2-mm AA5182-O: (a) load versus displacement curve; 
(b) failure mode; (c) SEM of joint cross-section.
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Table 11.2 Peak load, total displacement and energy absorption of the AA5182-O 
solder joints

Material description Peak load (N) Total displacement (mm) Energy (J)

Al to Al, solder 23 895.5 9.93 164.6
Al to Al, solder 17 216.8 3.33 40.3
Al to Al, solder 18 645.5 4.05 50.9
Al to Al, solder 15 754.8 2.33 24.1
Al to Al, solder 19 234.7 4.73 60.1

11.6 Scanned image of the bonded area of 2-mm AA5182-O/2-mm 
AA5182-O braze joint.

the fi ve samples tested in the population. Compared with results in Table 
11.2 for the solder joints, the results in Table 11.3 indicate that more con-
sistent joint quality has been achieved in the braze joint with very low 
variations in peak load and total displacement, leading to less variation in 
total energy absorption. The nominal bond strength is from 7.5 MPa to 
8.02 MPa.

Figure 11.7(c) shows the SEM cross-section of the bonded region after 
the tensile shear test. Rugged fracture surface in the braze material (nickel) 
is observed in the SEM caused by the cohesive failure mode. It is interesting 
to note that the interface between the AA5182-O substrate and the braze 
layer is also roughened, indicating that the AA5182-O substrate surface was 
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11.7 Typical bond strength test results for the braze joint of 2-mm 
AA5182-O/2-mm AA5182-O: (a) load versus displacement curve; 
(b) failure mode; (c) SEM cross-section of the joint area.
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Table 11.3 Peak load, total displacement and energy absorption of the AA5182-O 
braze joints

Material description Peak load (N) Total displacement (mm) Energy (J)

Al to Al, braze 18 770.4 2.41 34.4
Al to Al, braze 18 762.4 2.28 31.6
Al to Al, braze 20 067.6 3.15 45.7
Al to Al, braze 19 772.8 3.12 45.5
Al to Al, braze 19 398.6 2.95 38.0

deformed by the relatively high temperature and kinetic energy of the 
thermal spray process.

11.3.4 2-mm AA5182-O/2-mm AZ-31 solder joint

For this dissimilar metals solder population, 96.5Sn–3.5Ag solder material 
is pre-applied to the aluminum samples on a hot plate using mechanical 
agitation. On the magnesium side, samples are vapor metallized with Ti/Ag 
alloy (61.5Ag–23.5Cu–15In) braze, with freestanding Sn–Ag–Cu (SAC) 
solder sandwiched between metallization and NanoFoil®. Figure 11.8 shows 

11.8 Scanned image of the bonded area of 2-mm AA5182-O/2-mm 
AZ-31 solder joint.�� �� �� �� ��
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the typical scanned image of the solder joint. For this joint population, 
many small bright white regions exist at the bond interface, indicating some 
degree of lack of bonding. The bonded region is about 96.86% of the total 
faying area in Fig. 11.8.

Five samples are bonded and examined in this population, and Fig. 11.9(a) 
and (b) show the typical load versus displacement curve and failure mode 
for the 2-mm AA5182-O/2-mm AZ31 solder joint. Adhesive failure at the 
bond surface is consistently observed for all the samples tested, with very 
little sample bending, indicating a brittle joint with a low level of energy 
absorption. Table 11.4 lists the peak load, total displacement to failure and 
energy absorption level for all fi ve of the samples tested in the population. 
Very low displacements to failure are obtained in these solder joint samples, 
leading to extremely low levels of energy absorption of the joints in com-
parison to those of the solder and braze joints presented earlier. In addition, 
the bond strength variation is also very signifi cant, with the nominal bond 
strength ranging from 2.86 MPa to 4.9 MPa.

Figure 11.9(c) shows the SEM cross-section of the bonded region after 
the tensile shear test. A fl at fracture surface in the solder material is observed 
in the SEM owing to the adhesive failure mode. It is interesting to note that 
some degree of Ag element segregation also occurred near the Sn–Ag 
solder/AA5182-O interface. In addition, some large blocks of Ag occurred 
near the solder/Al interface, compared with the Ag needles observed in 
Fig. 11.5(c).

In order to improve the bond strength and its consistency, an improved 
surface preparation technique is next explored for both the aluminum and 
the magnesium surfaces. A Sn layer of 0.015 +/− 0.002″ (0.38 mm +/− 
0.05 mm) thickness is deposited on the aluminum plate using thermal spray 
process. On the magnesium side, a Ni/Al (95/5 blend) layer of 0.01 +/− 
0.002″ (0.254 mm +/− 0.05 mm) thickness is thermally sprayed on the Mg 
surface. The two surfaces are then bonded together using reactive Nano-
Foil® as a heat source. Four samples are bonded in this improved Al/Mg 
population. Figure 11.10 shows the typical scanned image of the solder joint. 
Better bond quality has been obtained with respect to the percentage of 
bonded area in comparison with Fig. 11.8.

Quasi-static bond strength tests are then carried out with a servo-hydraul-
i c load frame. Figure 11.11(a) and (b) show the typical load versus displace-
ment curve and failure mode for the improved 2-mm AA5182-O/2-mm 
AZ31 solder joint. A cohesive failure at the bond surface is consistently 
observed for all the samples tested. Table 11.5 lists the peak load, total 
displacement to failure and energy absorption level for all the four samples 
tested in this improved bond population. Compared to results in Table 11.4, 
much more consistent joint strength and much higher displacements to 
failure have been achieved with the improved surface preparation. The 
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11.9 Typical bond strength test results for the solder joint of 2-mm 
AA5182-O/2-mm AZ31: (a) load versus displacement curve; (b) failure 
mode; (c) SEM cross-section of the joint area.
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Table 11.4 Peak load, total displacement and energy absorption of the original 
2-mm AA5182-O/2-mm AZ-31 solder joints

Material description Peak load (N) Total displacement (mm) Energy (J)

Al to Mg, solder 7 425.2 0.22 0.8
Al to Mg, solder 10 871.1 0.34 2.1
Al to Mg, solder 12 311.4 0.46 3.5
Al to Mg, solder 7 161.0 0.22 0.9
Al to Mg, solder 9 917.2 0.27 1.4

11.10 Scanned image of the bonded area for improved Al/Mg bond.

nominal bond strength measured is from 6.4 MPa to 7.0 MPa, which is 
comparable to those presented earlier for the Al5182-O/Al5182-O solder 
and braze joints, although the energy absorption level is still lower than 
those joints owing to the lower total displacements to failure.
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11.11 Typical bond strength test results for the improved solder joint 
of 2-mm AA5182-O/2-mm AZ31: (a) load versus displacement curve; 
(b) failure mode.

Table 11.5 Peak load, total displacement and energy absorption of the improved 
2-mm AA5182-O/2-mm AZ-31 solder joints

Material description Peak load (N) Total displacement (mm) Energy (J)

Al to Mg, solder 16 582.8 1.37 17.3
Al to Mg, solder 16 922.7 1.32 17.1
Al to Mg, solder 15 888.7 1.10 13.1
Al to Mg, solder 17 547.8 1.68 22.6
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11.12 Bond strength test results for Dow Betamate 4601 and Betamate 
1480 joining 2-mm AA5182-O to 1.6-mm DP600: (a) load versus 
displacement curve; (b) failure mode.

11.4 Comparison with automotive adhesive bonds

Figure 11.12(a) shows the typical joint strength test data for Dow Betamate 
4601 and Betamate 1480 structure adhesives joining 2-mm AA5182-O to 
1.6-mm DP600 steel.6 Under tensile shear (lapshear) loading condition, the 
cohesive failure mode is consistently observed, see Fig. 11.12(b) and the 
nominal bond strength is around 7.2 MPa.

These results indicate that the bond strength achieved by the reactive 
NanoFoil® bonded solder and braze joints between similar and dissimilar 
metals are comparable to those of the structural adhesives typically used 
in the automotive industry. Note again that the bond strength is not opti-
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mized in this chapter. Since both bonding methods can produce hermetic 
joints, the specifi c advantage of using reactive nanofoil bonding therefore 
lies in the fact that it does not require the typical curing process that is 
required by the adhesive bonding process.

11.5 Conclusions and discussion

By comparing the bond strength of the four NanoFoil® bonded populations 
with those of the structural adhesives, the following observations and con-
clusions can be made:

• Similar bond strength can be obtained using reactive NanoFoil® bonding 
for the 2-mm AA5182-O/2-mm AA5182-O solder and braze joints and 
the 2-mm AA5182-O/2-mm AZ321 solder joints. The bond strength of 
the 1.4-mm SAE1008/1.4-mm SAE1008 solder joint is much higher than 
those for the aluminum and magnesium populations.

• The bond strength variation is higher for the solder joints than for the 
braze joints.

• The bond energy absorption level for the Al/Mg joints is consistently 
lower than that of similar material joints owing to low displacements to 
failure.

• NanoFoil® bonded joints can achieve a similar level of strength as those 
using the structure adhesive typically used in the automotive industry.

Note again that the bond strength is not optimized in this chapter and 
further strength improvements can potentially be achieved by enhanced 
surface treatment and optimized nanofoil thickness. In addition to the per-
formance data presented in this chapter, wider and more rapid application 
of reactive nanofoil bonding technology will also depend on the cost and 
cycle time of this technology in mass production.

11.6 References

1. wang, j., besnoin, e., duckham a., spey, s.j. reiss, m.e., knio, o.m. and weihs, t.p. 
J. Appl. Phys., 95(1), 248–56, 2004.

2. duckham a., spey, s.j., wang, j., reiss, m.e., weihs, t.p., besnoin, e. and knio, o.m. 
J. Appl. Phys., 96(4), 2336–42, 2004.

3. qiu, x. Reactive Multilayer Foils and Their Applications in Joining, MSE Thesis, 
Louisiana State University, 2007.

4. merxhanov, a.g. Combustion and Plasma Synthesis of High-Temperature Materi-
als, Z. A. Munir and J. B. Holt (eds), VCH, New York, 1–53, 1990.

5. sun, x. and duckham, a. ‘Strength evaluation of reactive nanoFoil bonded joints 
for automotive applications’, Proceedings of the XIII Sheet Metal Welding Confer-
ence, Livonia, Michigan. May 14–16, 2008.

6. us department of energy, Joining of Dissimilar Metals for Automotive Applica-
tions: From Process to Performance, US Department of Energy Automotive 
Lightweighting Materials Program, FY2004 Annual Progress Report, 2004.

�� �� �� �� ��



© Woodhead Publishing Limited, 2010

307

Index

A-scan, 109, 119
AA5182-O, 36
acoustic microscopy, 116–17, 121
adhesive bonding zone, 213
advanced high strength steel, 40, 44, 

53, 75, 123–4
advancing side, 165
AHSS see advanced high strength 

steel
AISI 304 CS steel, 248
AISI 304 stainless steel, 241, 248, 251
AISI 316 stainless steel, 241, 248
AlMg4.5Mn, 240
AlMgSiO T6, 240
aluminium, 107, 123
aluminium alloy, 24–41

see also specifi c alloy
resistance spot weld failure mode 

and performance, 24–41
analytical failure mode prediction 

under cross tension loading, 
33–6

experimental study, 27–8
model validation and discussion, 

36–40
statistical data analysis, 29–33

5083-H321 aluminium alloy, 169–70, 
171, 172, 175, 183

5383-H321 aluminium alloy, 184
5456 aluminium alloy, 170
aluminium spot welds, 27–8

analytical failure mode prediction 
under cross tension loading 
condition, 33–6

cross tension failure load and 
mode vs weld diameter at 
different porosity levels, 36

ID15 Vickers hardness 
measurement, 35

ID14 and ID15 metallurgical cross 
section, 27

sample load vs displacement curves 
for ID14, 28

American Welding Society 
Specifi cation AWS D8.9M, 46, 
50

analytical failure mode prediction, 33–6
cross tension failure load and mode 

versus weld diameter at 
different porosity levels, 36

ID15 Vickers hardness 
measurement, 35

validation and discussion, 36–40
cross tension peak load 

distribution for ID14, 39
failure modes vs weld fusion zone 

size, 38
ID14 large and small weld cross-

sections, 37
anisotropy, 269
apparent attenuation, 112
arc welding, 154
ASM Specialty Handbook, 39
ASTM A366 plate, 229
ASTM E8, 263
ASTM E739, 235
attenuation, 111–14

magnitude, 112



308 Index

© Woodhead Publishing Limited, 2010

austenite, 45
austenitic stainless steel, 62
autogenous laser welding, 252

B-scan, 119
bainite, 45
ball hole-expansion test, 272
ball-stretching test, 272
Betamate 1480, 304
Betamate 4601, 304
bifurcation criterion, 282
bifurcation methods, 278–9
bifurcation model, 282
blank holding force, 274
boron steels, 69
Budd Company, 127
burnt weld, 104
butt joints

aluminium, 229–30
fatigue tests, 236–40

butt-welded specimen failure, 240
encountered geometry defects, 236
geometric parameters, 237
various materials tests, 239
weld geometry types, 236

C-scan, 117, 118
carbon steels, 18
Cartesian co-ordinate system, 8
Cauchy stress tensors, 276
chisel test, 105
closed-form solution, 2, 5

different resultant forces and 
moments, 6

various self-balanced resultant loads, 
7

closed loop process control system, 225
CO2 laser, 221, 252

coach peel tests, 28, 32–3
coating, 45
Coffi n-Mason model, 85
coining treatments, 80
cold rolled sheet steel, 248
cold welds see stick welds
cold working, 80
Com-Stir, 151
conventional FSW, 138

conventional stress-life equation, 16
copper, 153, 155
CQSK steel spot weld, 72
crack paths, 175–9
crack propagation approach, 234

see also fracture mechanics
critical void volume fraction, 282
cross-tension strength, 49–50
cross-tension tests, 28, 32, 61
cruciform test, 240

2D gantry system, 223
3D non-linear fi nite element model, 81
3D thermal elastic-plastic fi nite element 

model, 81
deck bending test, 251
defocusing amount, 195–6

penetration varies with defocusing, 
195

tensile shear forces with different 
defocusing amount, 196

Densimet, 153
dephasing, 112–14
digital image correlation technique, 

264
DNV procedure, 231–2
DP500 dual phase steels, 17
DP600 GI, 72

microhardness variation in half-
thickness plane, 73

spectrum loading fatigue tests, 78
draw beads, 274
drawing, 268
dropout, 157–8
dual phase steels

production methods and 
microstructure, 45

room temperature microstructure, 
48

schematic illustration, 46–7
resistance spot weld performance 

and weld failure modes, 43–63
ultimate tensile strength, 44

dual rotation FSW, 151
ductile fracture models, 279–82

phenomenological models, 279–80
physical models, 280–2



 Index 309

© Woodhead Publishing Limited, 2010

echo amplitude, 109
echo timing, 108–11, 126
Eddy current techniques, 107–8
elastic fi nite element analysis, 93
elastic-plastic fi nite element analysis, 

93–4
electrical conductivity probe, 107
electrical resistance, 107
electrode force, 47–9

effect on welding current range in 
780 MPa dual phase steel, 49

electromagnetic acoustic transducers, 
108

electron probe micro analyser, 208
energy absorption, 25, 29
energy release rate, 2
EPMA see electron probe micro 

analyser
epoxy resin adhesive, 213
equivalent structural stress approach, 

88–9, 94–5
development and application, 90–2

expulsion, 104
extrapolated radial stress approach, 91

failure mechanisms
aluminium alloys resistance spot 

weld failure mode and 
performance, 24–41

friction stir welds, 164–86
crack paths in tensile and fatigue 

fracture, 175–9
defects, 165–8
friction stir spot welds, 182–3
friction taper stud welding, 

179–81
residual stresses, 183–4

false calls, 114
FAT, 232
FAT 73 design, 245
FAT 100 design curve, 239
fatigue, 219

laser welds, 218–53
test results, 252

fatigue behaviour
current status of fatigue life 

prediction, 90–4

equivalent structural stress 
approach, 90–2

fi nite element mesh of spot welded 
structure, 91

fracture mechanics approach, 
92–3

local notch stress/strain approach, 
93–4

fatigue life assessment approaches, 
86–90

equivalent structural stress 
approach, 88–9

fracture mechanics approach, 
89–90

local shear and normal stress, 88
nominal stress approach, 86
structural stress approach, 86, 88
structure stress defi nition, 89

microhardness variation in half 
thickness plane

boron steel spot weld, 74
CQSK steel spot weld, 74
DP600 GI, TRIP 600 and 

HSLA340Y GI spot welded 
samples, 73

microstructure and dislocation 
structure

centre of as-welded spot weld 
specimen, 84

edge of as-welded spot weld 
specimen, 84

spot welded joints in steel sheets, 
65–95

dimensions of tensile shear and 
coach peel spot welded 
specimens, 68

effect of residual stress, 79–84
experimental testing, 67, 69–71
fatigue cracking behaviour, 76
fatigue life, 71
fatigue life prediction models, 

84–6
fracture modes and 

microstructure, 72, 75–7
fracture or pullout mode, 68
interfacial fracture and button 

pullout failure mode, 75



310 Index

© Woodhead Publishing Limited, 2010

material composition and tensile 
strength, 70

microstructure cross-sectional 
view, 75

numerical methods, 86
predicted vs experimental fatigue 

lives, 87
random loading fatigue test, 77–9
random loading history, 77
residual stress and effect of fatigue 

loading, 83
spectrum loading fatigue tests, 

78
spot welded specimens, 67
spot welding schematic, 66
tensile shear samples condensed 

fatigue history, 78
fatigue crack, 12, 76–7

initiation, 177
propagation stage, 89

fatigue crack growth model, 3
fatigue cycling, 184
fatigue failure, 67
fatigue fracture, 175–9
fatigue life, 82

prediction, 84–6, 90–4
spot welded steel sheets, 71

fatigue loading, 83, 94, 184
favourable fusion, 214
faying surface, 104
ferrite, 45
fi llet welds, 156
fi nite element analysis, 2, 15, 81, 88, 

229, 233
fi nite element model fi ndings, 59–61
FLAP, 93
fl ash cracking, 180
FLD see forming limit diagram
formability tests, 267–8
forming limit curve, 267
forming limit diagram, 267–9

schematic plot, 268
several material parameters effect, 

270
fracture mechanics, 1, 85, 89–90, 95

development and application, 92–3
fracture mechanics theory, 57–8

fracture toughness, 59
frequency ratio, 119
friction knead welding, 165
friction stir spot welding, 165, 182
friction stir welding, 164

comparison to other welding process, 
142–9

chronology of production 
applications, 143

common FSW joint confi gurations, 
147

conventional FSW
fi xture requirements, 140
tool and key variables, 138
transverse section, 139

economic justifi cation, 147–9
capital investment, 148–9
licensing, 148
processing time/labour, 148
production volume, 149

fundamentals, 137–60
90° corner joint with inadequate 

heat sink, 159
anvil corner for producing small 

fi llets, 158
bobbin FSW tool, 150
common joint designs, 157
dropout in a butt weld, 158
joint geometries, 156–60
key welding tool design features, 

152
main process variables, 153–4
materials, 154–6
overview of process principles, 

137–41
parameter effects, 153–4
variable and fi xed gap bobbin 

FSW tools, 151
welding tools, 149–53

technical justifi cation, 142–7
high robustness, few process 

variables, 145
improved cosmetic appearance, 

144
improved fatigue, corrosion and 

stress corrosion cracking 
performance, 144



 Index 311

© Woodhead Publishing Limited, 2010

improved static strength and 
ductility, 144–5

improved weldability, 142–3
joint design limitations, 146
under matched fi ller metal 

elimination, 144
mechanised process justifi cation, 

145
mechanised process requirement, 

145–6
reduced distortion, 143–4
special fi xture requirements, 146
weld keyhole, 147

friction stir welds
defects, 165–8

aluminium plate root defect, 169
association of voids with fatigue 

crack initiation site, 173
extensive voiding, 170
infl uence of void cluster on fatigue 

strength, 173
lack of penetration, 168
large planar defect, 174
onion skin and planar defects, 172, 

174–5
onion skin structure in weld 

nugget, 167
polygonal void and associated 

planar regions, 172
root defects, 169–70
surface marks in aluminium alloy, 

166
voids, 170–2
voids and onion skin defects, 174
voids in 5083-H321 aluminium 

alloy, 171
failure mechanisms, 164–86

crack paths in tensile and fatigue 
fracture, 175–9

friction stir spot welds, 182–3
friction taper stud welding, 179–81
frictional power input, 177
FTSW machine, 180
intergranular solidifi cation cracks, 

182
longitudinal and residual stress for 

FS butt welds, 185

planar and onion skin defects 
fractographic observation, 178

residual stresses, 183–4
typical fl ash defect, 181
Vickers microhardness 

measurements, 176
voids and incomplete bonding, 181

friction taper stud welding, 165, 179–81
prototype machine, 180

frictional power, 175
FSW see friction stir welding
FTSW see friction taper stud welding
full button pullout fracture, 52
fully reversed fatigue testing, 244
fusion zone, 61

galvanised coatings, 45
galvanneal coatings, 45
gas-shielded metal arc welding, 218, 

222
GD-AlSi/10Mg T6, 240
general loading

spot weld in fi nite plate, 3–5
metal sheets under surface 

traction, 3
resultant loads on upper sheet, 4

geometric stress approach see hot spot 
stress approach

Gurson-type constitutive equations, 282
Gurson type models, 280

Hall–Petch relationship, 265, 271
hardness, 71
hardness measurement, 34
heat-affected zone, 33, 82, 104, 139, 220
high strength steels, 44
holding and cooling cycle, 66
Hosford’s yield criterion, 278
hot dipping, 45
hot spot stress approach, 86, 88, 232–3
HPE 240 steel beams, 251
HSLA340, 69
HSLA-65 steel, 244, 245
HSLA340Y GI, 72

microhardness variation in half-
thickness plane, 73

spectrum loading fatigue tests, 78



312 Index

© Woodhead Publishing Limited, 2010

HSS see high strength steels
hybrid laser arc welding, 218, 222–3, 242

future trends, 224–5
process schematic, 222
without and with closed loop control, 

226
hybrid laser welding technique, 62

ID14, 25
ID15, 25
IF260GA steels, 17
imperfection parameter, 275, 277
in-process non-destructive evaluation, 

106
in-process ultrasonics, 125
incomplete bonding, 180
indentation depth, 122
infrared techniques, 107
interfacial fracture, 52, 72, 75
intrinsic tests, 267–8

J integral, 2, 20
joggle test, 251
joint design, 159
joint geometries, 156–60

keyhole, 220
see also weld keyhole

keyhole model, 196
kink angle, 12
kinked fatigue crack model, 11–17

half lap-shear specimen with uniform 
displacement, 15

main crack and kinked crack with 
kink length and angle, 13

symmetry cross-section of lap-shear 
specimen and applied force, 12

Kirchhoff plate theory, 19
kissing bonds, 168
Knoop indenter, 71

Lamb waves, 108
Lank-ford parameter, 269
lap joints, 245–9

stresses on axially loaded single 
lap-joint, 247

various weld confi gurations, 246

lap shear tests, 28
laser beam welding, 218
laser cold-wire welding process, 242
laser energy, 220
laser power, 196–9

penetration varies with laser beam 
power, 197

tensile shear forces at different laser 
power, 197

laser stake welding, 249
laser weld bonding, 190–216

joint different zones, 213
joint fracture XRD pattern

260 w laser power, 198
350 w laser power, 199

joint microstructure mode, 198
Mg to Al joint

confi guration, 192
future trends, 215–16
good performance, 200
welding parameters, 200

Mg to Al joint mechanical 
properties, 212–15

adhesive bonding zone, 213
favourable and unfavourable 

fusion, 214
tensile shear force, 215
zone bonded by laser welding and 

adhesive bonding combination, 
213–15

Mg to Al joint microstructure 
analyses, 200–12

Al alloy point 1 surface 
temperature measurement 
results, 206

Al alloy point 2 surface 
temperature measurement 
results, 207

binary phase diagram, 212
fusion zone element distributions, 

208–12
fusion zone longitudinal cross-

sectional hardness values, 208
fusion zone microstructure, 

200–8
interface between Mg and Al alloy 

joint microstructure, 202



 Index 313

© Woodhead Publishing Limited, 2010

Mg-Al eutectic phase microcracks, 
203

Mg-Al intermetallics microcracks, 
203

Mg alloy surface temperature line 
scan results, 205

Mg and Al elements quantitative 
analysis, 211

Mg fusion optical microstructure, 
202

secondary electron images, 210
temperature analysis system 

with thermal couple set-up, 
205

thermal infrared imager analysis 
system diagram, 204

transverse section EPMA 
analyses, 209

transverse section SEM, 201
process, 192–9

defocusing amount infl uence, 
195–6

laser power infl uence, 196–9
Mg alloy to Al alloy, 192
welding speed infl uence on 

penetration, 193–4
technique, 190–1

laser welding
advantages, 219
applications, 223–4
fatigue, 218–53

abbreviated set letter based S–N 
curves, 232

fl aw categories, 227
laser welded ferritic and austenitic 

steels hardness profi le, 228
steel material properties used in 

hardness study, 227
weld profi le monitoring and fl aw 

marking, 225
future trends, 224–6
laser welded materials properties, 

226–30
laser welded specimens fatigue tests, 

235–51
butt joints, 236–40
lap joints, 245–9

single-T and double-T joints 
fatigue, 240–5

stake welds in sandwich panels, 
249–51

methods, 219–23
process schematic, 221
welded joints fatigue life prediction, 

230–5
complex details analysis, 235
crack propagation approach, 234
hot spot stress approach, 232–3
nominal stress approach, 231–2
notch stress approach, 233–4

welding processes comparative 
power density, 220

lazy-S, 168
LDH test, 277
life predictions

spot welds in lap-shear specimens, 
17–19

predicted fatigue lives based on 
local stress intensity factor 
solutions of dual phase steels, 18

predicted fatigue lives based on 
local stress intensity factor 
solutions of high strength steels, 
19

predicted fatigue lives based on 
local stress intensity factor 
solutions of low carbon steel 
specimens, 20

linear elasticity, 16
load-carrying capacity, 61
local notch strain approach, 90, 93–4, 

95
local notch stress approach, 90, 93–4, 

95
lubrication, 269

main phase, 140
Marciniak–Kuczynski model, 282

schematic drawing, 276
Marciniak–Kuczynski theory, 275–7
martensite, 45
mass conversion law, 281
mechanics modelling, 1–21
metal active gas torch, 222



314 Index

© Woodhead Publishing Limited, 2010

Metal’s Handbook, 39
Mg2Al3, 213
Mg17Al12, 213

microcracks, 201, 203
microhardness, 71, 72, 73

testing, 227
Miner linear damage rule, 78
MP159, 153
MTS 810 universal testing machine, 244
Munse curve, 245

Nanofoil
2-mm AA5182-O/2-mm AA5182-O 

braze joint, 295, 297–9
bond strength test results, 298
peak load, total displacement and 

energy absorption, 299
scanned image, 297

2-mm AA5182-O/2-mm AA5182-O 
solder joint, 294–5

bond strength test results, 296
peak load, total displacement and 

energy absorption, 297
scanned image, 295

2-mm AA5182-O/2-mm AZ-31 
solder joint, 299–302

bond strength test results, 301
peak load, total displacement and 

energy absorption, 302
scanned image, 299

1.4-mm SAE 1008/1.4-mm SAE1008 
solder joint, 291–4

bond strength test results, 293
peak load, total displacement and 

energy absorption, 294
scanned image, 292

comparison with automotive 
adhesive bonds, 304–5

Dow Betamate 4601 and Betamate 
1480 bond strength test results, 
304

improved 2-mm AA5182-O/2-mm 
AZ-31 solder joint

bond strength test results, 303
peak load, total displacement and 

energy absorption, 303
scanned image, 302

joining lightweight materials, 
289–305

joint population defi nition and 
fabrication, 291

reaction upon ignition, 290
Napoleon’s hat, 111
NASTRAN, 93
Nd:YAG laser, 221, 252
neural networks, 227
95Ni–5Al, 295
Nimonic 105, 153
nominal bond strength, 297
nominal stress approach, 86, 231–2
non-destructive evaluation

additional materials and welding 
techniques, 123–5

other metals, 123–4
other methods of spot welding, 

124–5
single-element ultrasonic inspection, 

108–16
algorithm for inferring weld 

condition from an A-scan, 112
attenuation, 111–14
classifi cation reliability, 114–16
contingency table, 114
dephasing causes, 113
echo timing, 108–11
rectifi ed A-scans corresponding to 

a transducer, 110
spot weld quality, 101–31

background, 103–6
history and trends, 127–9
in-process ultrasonic monitoring, 

125–7
steel resistance spot weld, 104
techniques, 106–8

ultrasonic imaging, 116–23
C-scan, 118
motivation and methods, 116–20
performance assessment, 120–3
prediction uncertainty, 120
resistance spot weld B-scan, 120
single element transducer 

mechanical scan, 117
non-pryable welds, 129
notch stress approach, 233–4



 Index 315

© Woodhead Publishing Limited, 2010

onion skin macrostructure, 165, 166, 
172, 174–5

out-of-alignment defect, 238
Oyane’s criterion, 280

Palmgren–Miner damage accumulation 
procedure, 232

Paris law, 3, 15, 89
partial bonds, 170
partial interfacial fracture, 52
passive ultrasound array, 117
peel test, 105
phased array inspection techniques, 

170
piezoelectric transducers, 108
planar defects, 172, 174–5
plastic fl ow, 183
plunge phase, 140–1
porosity factor, 33
post process non-destructive 

evaluation, 106
post welded heat treatments, 274–5
pre-squeezing cycle, 65
prediction uncertainty, 115–16
probability paper, 29
pry test, 105
pulsed ultrasound, 127
pure-shell beam model, 91

quasi-static bond strength tests, 300
quasi-static tests, 27

RAEX S275 steel, 229
random loading fatigue test, 77–9
Re-Stir, 151
Reactive Nano Technology, 291
residual stress, 79, 94, 229

friction stir welds, 183–4
spot welds and effect of fatigue 

loading, 83
resistance spot welding, 101, 103, 

182
coupon confi guration, 25

coach peel coupon design and test 
fi xture, 26

cross tension coupon design and 
test fi xture, 26

lap-shear coupon design and test 
fi xture, 26

failure mode and performance of 
aluminium alloys, 24–41

and weld failure modes for dual 
phase and TRIP steels, 43–63

advantages, 44
coating for automotive 

applications, 45
future trends, 61–2
production methods and 

microstructure, 45
welding behaviour, 45–52

retreating side, 165
root defects, 168, 169–70
RSW see resistance spot welding
rule of mixtures, 263

S-rail problem, 277
SAE 1008 grade steel, 248
sandwich panels, 223, 249–51
self-propagating high-temperature 

synthesis process, 290
semi-elliptical cracks, 14
servo-hydraulic test frame, 292
shear tension testing, 53

failure modes in dual phase and 
TRIP steels, 53–6

test results and model predictions, 57
shell beam model, 91
simulative tests, 267–8
single-element method, 116, 130
single-element ultrasonic inspection, 

108–16
Skew Stir, 151
SMA 400 steel, 229
Smith-Watson-Topper fatigue life 

prediction, 93
S–N curve approach, 230–1
Sn–Ag–Cu solder, 299
solid state joining

fundamentals of friction stir welding, 
137–60

comparison to other welding 
processes, 142–9

joint geometries, 156–60
materials, 154–6



316 Index

© Woodhead Publishing Limited, 2010

overview of process principles, 
137–41

parameter effects, 153–4
welding tools, 149–53

sound waves, 106
spot friction stir welding, 182
spot friction welding, 124–5
spot welded joints

fatigue behaviour in steel sheets, 
65–95

current status of fatigue life 
prediction of welded materials 
or structures, 90–4

effect of residual stress, 79–84
experimental testing, 67, 69–71
fatigue life assessment approaches, 

86–90
fatigue life prediction models, 

84–6
fracture modes and microstructure 

in spot welds, 72, 75–7
microhardness measurements, 

71–2
numerical methods for prediction, 

86
random loading fatigue test, 77–9

fi nite element mesh, 91
spot welding, 65, 72

schematic, 66
spot welds

modelling under general loading 
conditions and fatigue life 
predictions applications, 1–21

closed-form solutions for a plate 
with an inclusion, 5

fi nite plate under general loading 
condition, 3–5

kinked fatigue crack model, 11–17
life predictions, 17–19
stress intensity factor solutions, 

5–11
non-destructive evaluation of 

quality, 101–31
additional materials and welding 

techniques, 123–5
background, 103–6
history and trends, 127–9

in-process ultrasonic monitoring, 
125–7

single-element ultrasonic 
inspection, 108–16

techniques, 106–8
ultrasonic imaging, 116–23

stake welds, 249–51
I-core stake weld geometric 

variations, 250
truss-core and I-core panels, 249

steel, 153
709M40 steel, 180
steel sheets

spot welded joints fatigue behaviour, 
65–95

stick welds, 104, 111, 128–9
strain hardening, 269
strain-life approach, 85
stress amplitude, 81
stress concentration factor, 93
stress function approach, 19
stress intensity, 59
stress intensity factor solutions, 2

various types of loading conditions, 
5–11

anti-symmetric out-of-plane shear 
model, 11

central bending, 11
counter bending, 10
2D model of infi nite strips with 

connection under plane strain 
condition, 8

decomposition of general 
structural stress distributions of 
a strip model, 8–9

in-plane shear, 11
stress-life approach, 85
stretching, 268
structural stress, 86
structural stress approach, 86, 88
submerged arc welding, 219
surface traction, 3–4

T-joints
single- and double-joints fatigue, 

240–5
cruciform specimen types, 241



 Index 317

© Woodhead Publishing Limited, 2010

fatigue test specimen and test 
set-up, 244

HSLA-65 steel cruciform fatigue 
test results, 245

traced laser welds profi les, 243
typical cruciform specimen, 243
weld process parameters, 243

Taguchi methods, 227
tailor made blanks, 238
tailor welded blanks

advantages and disadvantages, 259
aluminium alloy 7075-T6 friction stir 

weld hardness profi le, 262
applications, 259–60
concept, 258
formability, 267–75

control of weld line movement, 
273–4

design variables effects, 271–2
forming limit diagram, 267–9
post-weld heat treatment, 274–5
weld line movement, 272–3
welding parameters effects, 

270–1
formability prediction, 275–82

bifurcation methods, 278–9
ductile fracture models, 279–82
Marciniak–Kuczynski theory, 

275–7
FSW different zones forming limit 

diagram, 278
future trends, 283
local yield strength values around 

the weld centreline, 265
mechanical properties, 261–7

global mechanical properties, 
264–6

hardness, 261–2
local mechanical properties, 

266–7
tensile testing methods, 262–4

press formed B-style, 260
weld metal ductility and its infl uence, 

258–83
tandem FSW, 151
teardown tests, 105
tensile fracture, 175–9

tensile shear test, 214, 215, 297
tensile stress, 183
tensile yield strength, 33
termination phase, 140
TestStar digital controller, 244
thermal infrared imager analysis 

system, 204
thermal spray process, 299, 300
thermomechanically affected zone, 139, 

165
thickness ratio, 271
Ti/Ag alloy, 299
titanium, 153, 230, 239–40
titanium alloys, 155
tool penetration, 168
transformation-induced plasticity 

steels
production methods and 

microstructure, 45
room temperature microstructure, 

48
schematic illustration, 46–7

resistance spot weld performance 
and weld failure modes, 43–63

ultimate tensile strength, 44
TRIP600, 72
TRIP steel see transformation-induced 

plasticity steels
twinning-induced plasticity steels, 62
TWIP see twinning-induced plasticity 

steels

ultrasonic imaging, 116–23
ultrasonic spot welding, 124
ultrasonic techniques, 108
ultrasonic testing, 128–9
undersized weld, 104
velocity gradient, 276

Vickers hardness test, 238
Vickers indenter, 71
Vickers microhardness, 175
void volume fraction, 280, 281
voids, 168, 170–2, 180
von Mises equivalent stress equation, 

92
von Mises yield function, 280
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Weibull modulus, 29
Weibull plots, 29–31, 32

ID14 energy absorption for 
interfacial fracture and pullout 
modes, 30

ID15 energy absorption for 
interfacial fracture and pullout 
modes, 31

ID14 peak load distribution for 
interfacial fracture and pullout 
modes, 30

ID15 peak load distribution for 
interfacial fracture and pullout 
modes, 31

weighted ultrasonic contact area, 124
weld failure modes, 52–61

cross-tension testing, 61
fi nite element model fi ndings, 

59–61
full button pullout and interfacial 

fracture modes, 52
predicted results vs actual test data, 

56–9
actual shear-tension test and 

model predictions, 57
full button pullout, 56
full button pullout vs interfacial 

fracture modes in shear-tension 
test, 60

stress intensity at failure, 58
and resistance spot weld 

performance for dual phase and 
TRIP steels, 43–63

shear-tension testing of dual phase 
and TRIP steels, 53–6

590 MPa dual phase steel, 55
weld geometry, 241
weld indentation topography, 117
weld keyhole, 147
weld metal ductility, 258–83
weld tensile strength

factors, 50–2
weld size, 51

weld shear tension and cross-tension 
strength determination, 49–50

coupon dimensions and layout, 50
welding cycle, 66
welding speed, 193–4, 251

LWB joint weld surface with low 
welding speed, 194

penetration varies with welding 
speed, 193

tensile shear forces at different 
welding speed, 194

welding tools, 149–53
bobbin FSW tool, 150

variable and fi xed gap, 151
conventional FSW, 149
design features, 152

wire arc spray, 295

X-ray techniques, 107
X-ray tomography, 107
X2CrNi12 stainless steel, 239

zigzag defects, 168




